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Abstract

Analyses of hypervariable segments of mitochondrial DNA (mtDNA) are
currently being used for forensic analysis, human molecular genetics, evolutionary
biology, human migration studies and recovery operations in identifying deceased
persons, both ancient and modern. Mitochondrial DNA analysis offers a unique maternal
ancestral view of an individual’s molecular pin code, through typically examining the
hypervariable segments and sampling the areas of hypervariable region 1 (HV1) and
hypervariable region 2 (HV2). The goal of this project is to revisit the utility of mtDNA
typing in forensics through the analysis of a forensically relevant population of selfidentified U.S. African Americans. In Chapter 2, we asked whether a similarly low level
of resolution of HV1 sequence types in Europeans mtDNA occurred in persons of
‘recent’ African ancestry. Our studies yielded remarkable variation within the mtgenomes
of U.S. African Americans and, furthermore, demonstrated that mtDNA analysis, in fact,
has a higher power of discrimination when applied to the U.S. African American
population (n= 185); a group inadequately represented in mtDNA databases. Chapter 3
describes our efforts in the employment of recent advances in DNA typing technologies
(microarray whole genome sequencing, SNP panels) to demonstrate that the mtDNA-

coding region increases the resolving power of mitochondrial DNA forensic typing. We
used whole genome resequencing to identify diagnostic SNPs (mtDNA variants) that
would yield powerful genetic markers into refining the relationship between ethnicity and
haplogroup association. Chapter 4 data illustrate that a clear majority (90%) of our
samples showed concordance between self-identified ethnicity and haplogroup
assignment. In the instances of ethnicity-haplogroup disagreement, we further evaluated
the sample using the diagnostic SNP panel, which revealed a more accurate reflection of
deep ancestry, thereby reclassifying the haplogroup and establishing concordance
between the self-identified ethnicity and the haplogroup assignment. The findings of this
research: improve upon the current state of knowledge of mtDNA variation in a
forensically relevant population of U.S. African Americans demonstrate that the power of
discrimination of mtDNA HVI typing will vary based on maternal lineage; suggest that
HVI typing may be sufficient for the exclusion of U.S. African Americans; and bolster
previous reports that suggest mtDNA analysis may provide new avenues for the
consideration of alternative or weak suspects.
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Chapter 1: Overview of Forensic Science: History and Practice
Forensic Science, commonly abbreviated as ‘forensics’, is a set of theories and
practices that is applied to a broad spectrum of disciplines. Generally, the objective of
forensics is to address queries of interests to the legal system, in relation to both criminal
and civil matters. While one of the most commonly known fields of forensics is Forensic
Biology, there are vast numbers of sciences, both behavioral and natural, that fall under
the umbrella of traditional forensic analysis. These fields, such as, Forensic
Anthropology, Chemistry, Psychology, Nursing, Toxicology, Ballistics, and Odontology,
all share their roots with classical scientists and philosophers who used customary
practices and intellect to solve the mysteries of their time. Despite historical
technological limitations many scientific advances were made that have shaped modern
forensic practices. Arguably, the earliest documented application of the collection of
evidence and its subsequent analysis to solve a legal matter was in the year 1248 by a
Chinese medical practitioner (Sung, 1981). In the formalized text titled, Hsi Duan Yu, the
Chinese practitioner discussed his findings on the distinctions between two different
causes of death: drowning (indicated by water in the lungs) and strangulation (supported
by telltale pressure marks on the throat and damaged cartilage in the neck). Hsi Duan Yu
offered instruction on forensic observations that are still a part of modern forensic
pathology (Furton & Almirall, 1995; Karagiozis & Sgaglio, 2005).
Not all technologies currently used in forensics had their beginnings as tools for
individualized identification. Early forensic tools were typically used without any formal
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classification system. As reviewed in an article by Karagiozis et al., Marcello Malpighi, a
professor of anatomy at the University of Bologna, noted various fingerprint
characteristics in 1686 but made no mention of fingerprint pattern diversity (Karagiozis
& Sgaglio, 2005). Several decades later a Czechoslovakian anatomist, John Evangelist
Purkinjie, published the first paper on the nature of fingerprints after his discovery of
sweat glands in 1833 and proposed the first fingerprint classification scheme based on the
nine major types he observed (Cummins & Wright Kennedy, 1940; Jain, Pankanti, &
Bolle, 1997). There was no formal recognition of the individualizing potential of
fingerprints until a Scottish physician working in Tokyo, Henry Faulds, published a paper
in Nature suggesting that fingerprints at the scene of a crime could identify the offender.
Faulds used fingerprints to eliminate an innocent suspect and indicate a perpetrator in a
Tokyo burglary. Faulds asserted in his 1880 Nature article titled On the Skin-Furrows of
the Hand:
“I have heard that the Chinese criminals from early times have been made to give
the impressions of their fingers, just as we make [Scottish citizens] yield their
photographs. There can be no doubt as to the advantage of having, besides their
photograph, a nature-copy of the forever-unchanging finger furrows of important
criminals (Faulds, 1880).”
The interest in collecting and examining physical evidence to assist in the
identification of suspects grew rapidly in the nineteenth century. Mathieu Joseph Orfila,
often called the “Father of Toxicology”, published an article in 1815 on his significant
contributions to the development blood-detection tests and is credited as the first person
to use a microscope to assess blood and semen stains (Orfila, 1815). Detective Henry
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Goddard determined that the bullets found in the wall after a botched robbery were
identical to the bullets used in a gun that was under the butler’s pillow by measuring a
tiny indention on the side right of each bullet. Goddard’s realizations that bullets were not
massed produced in 1835 but were formed in individual molds by the gun owner, led to a
brief interrogation of the butler and the butlers’ subsequent confession to the crime.
Goddard’s effort is among the first reports of the use of ballistics to solve a crime
(Wagner, 2006). HL Bayard’s "Forensics in a jury trial" was the first publication of
reliable procedures for the microscopic detection of sperm in 1839 (Kitano &
Imwinkelreid, 2010). Alphonse Bertillon, a French police employee, used his invention
of anthropometry (a collection of measurements that included the circumference of
prisoners’ heads, arm spans, left foot lengths, lengths of the middle fingers, sitting
heights, widths of the head between the cheek bones and the lengths of the ears) to
identify recidivists in 1879 (Rhodes, 1956; Thorwald, 1965). By the end of the nineteenth
century, scientists were determined to exploit the scientific method to aid in the
identification of criminals.
Evolution of Forensic Identification Systems
Prior to the discovery of various DNA sequencing technologies, scientists used
less statistically powerful methods of individualization such as fingerprints and ABO
blood grouping to exclude suspects. Fingerprints are graphical flow-like ridges present on
human fingers whose formations depend on conditions of the embryonic mesoderm from
which they develop (Fig. 1). Most forms of fingerprint classification schema include
categories for loops, whorls and arches, as well as minutiae. The matching algorithms are
based on point pattern matching which requires designation of ‘registration points’: delta
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and core (Srinivasan, 1990). The delta is located at the point of divergence of a line,
whereas the core is located at the center of the loop (Fig. 1c). The evaluation of
fingerprint patterns employs a biometric technique for personal identification and is
monitored by an automatic fingerprint identification system (AFIS) used by police
departments and U.S. government agencies such as the Federal Bureau of Investigation
(F.B.I.) and the Central Intelligence Agency (C.I.A.). The result of a fingerprint ‘match’
does not include statistics, so the likelihood that the fingerprint pattern could belong to
another person is never considered. The lack of statistical power of this technique is a
grave cause of concern for many as highlighted in a 2011 article printed in Forensic
Science International titled, Cognitive Issues in Fingerprint Analysis. Dror et al. state:
“Our study goes beyond establishing that analysis of latent marks by experienced
examiners is inconsistent. It demonstrates that the presence of a comparison can affect the
analysis of the latent print and that examiners are inconsistent among themselves; i.e.
different examiners vary in their analysis while the consistency of some examiners with
themselves varies (Dror et al., 2011).”
Though recent additions to the AFIS database include information on
corresponding criminal histories, mug shots, scars, tattoo photos and physical
characteristics of entered persons (F.B.I., 2012) the use of fingerprints to accurately
identify suspects remains a widely debated topic.
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The ABO blood grouping system used by forensic analysts measures antigens
found in the blood, which determine the blood type, normally categorized as either A (for
the presence of A antigens), B (for the presence of B antigens), AB (when both antigens
are present) or O (if no antigens are present). While this typing system is extremely
useful at excluding suspects, statistically it offers little to no value for source attribution
(O’Connor, 2008). Of the four blood groups, blood group A and O have the highest
frequency among the U.S. of 42% and 44%, respectively (Table 1). The inability to
generate unique, statistically supported profiles through the use of fingerprinting and
ABO blood grouping left a hole to be filled with future advances in forensic human
identification.
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Forensic DNA Biology
Deoxyribonucleic acid (DNA) has revolutionized forensic science. Of all the
disciplines in forensic science, forensic biology has seen the most technological advances
in the past thirty years. Forensic biology is a field of study that uses DNA to identify
victims and to associate suspects and victims to crime scenes. The discovery and
identification of DNA was based on the foundational efforts of many scientists and was
an incredible contribution to the scientific and forensic communities. By far the most
significant development in forensic human identification was the discovery, by Alec
Jeffreys, published on March 7, 1985, that one could distinguish individuals by targeting
a specific set of genes, also known as loci, and comparing the number of tandemly
repeated DNA sequences at a particular locus, between individuals (Jeffreys, Wilson, &
Thein, 1985). While performing research on gene evolution in sparrows, Jeffreys
uncovered repetitive DNA sequences in the human myoglobin gene and eventually found
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that the human genome contained many regions of hypervariable DNA. Jeffreys went on
to discover that these hypervariable regions were fairly unique and hypothesized that
these regions could serve as unique identifiers. The first method of detection used was
Restriction Fragment Length Polymorphism (RFLP) because restriction enzymes (RE)
are used to cleave the DNA strands at specific sequences and the variation
(polymorphism) in the fragment lengths is used to simulate a DNA fingerprint (Figure 2)
(Cheng et al., 2003). Jeffreys’ fingerprint analysis was the earliest form of generating a
DNA profile. In a BBC interview that took place on the 25th anniversary of his discovery,
Jeffrey’s stated:
“Within seconds it was obvious that we had stumbled upon a DNA-based method
not only for biological identification but also for sorting our family relationships. It really
was an extraordinary moment. It was a magic moment. We’ve actually got some
fantastically variable patterns here. I don’t think the term DNA fingerprinting had
actually come into mind then, but we saw the potential for individualization…and
immediately started thinking forensics (Marshall, 2009).”
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A paradigm shift of typing DNA markers by restriction fragment length
polymorphisms to the current gold standard of capillary separation of the variation due to
short tandem repeats (STRs), occurred as a result of the emergence of the polymerase
chain reaction (PCR) in 1983. Based on an earlier conception by Kjell Kleppe and 1968
Nobel laureate H. Gobind Khorana, Dr. Kary Banks Mullis designed PCR and was
awarded the Nobel Prize for Chemistry in 1993 (Kleppe, 1971). PCR is a fast and
inexpensive technique used in molecular biology to exponentially amplify small DNA
segments. PCR can generate millions of copies of a DNA segment in less than 4 hours.
The development of PCR amplification had profound effects for forensic applications
since amounts of evidentiary templates can be very small. Though both methods
measured length changes due to STRs, RFLP required much larger amounts of starting
materials, which, in many cases, was impossible to obtain. Studies of DNA fragments are
nearly impossible without PCR amplification (Collins, 2009).
The seemingly rapid and natural progression in the development of PCR-based
human identity testing methods was arduous and consistent. Scientists exploited PCR
with several types of common variations that exist within DNA sequences: variable
number of tandem repeats (VNTRs), short tandem repeats (STRs) and single nucleotide
polymorphisms (SNPs). DQA1 (DQ-alpha), PolyMarkers (PM), D1S80, and singleplex
STRs with silver staining, all preceded multiplex STRs with fluorescent dyes. The first
PCR-based DNA typing systems were the DQ-alpha and PM systems that involved the
detection of sequence polymorphisms by hybridization to allele-specific oligonucleotide
probes. These systems had an advantage over RFLP analysis to efficiently produce
results with smaller amounts of DNA and DNA that was too degraded for analysis;
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however, the discriminatory power of these systems was much more limited than RFLP
analysis because only a small and restricted number of alleles exist in the population.
Additionally, it was more difficult to interpret results from samples containing DNA from
more than one contributor, often a reality in evidentiary samples. D1S80 analysis, the
first length-based PCR system, combined the powers inherent in PCR with the variation
in VNTRs. Termed, Amplified Fragment Length Polymorphism (AFLP), its features of
rapid analysis, the ability to amplify small amounts of DNA and amenability to
automation still did not convince forensic analysts. They argued that because only one
locus is analyzed, the significance and power of discrimination for D1S80 is inadequate
as compared to RFLP (Jain, 1999) . STRs, as cited by tens of dozens of reports, is the
gold standard in forensic DNA typing techniques. STRs are similar to VNTRs in that
they involve tandem repeats of core sequences in variable numbers among the population
to produce a polymorphic distribution. The major difference is that the core sequence is
typically only 3-4 nucleotides in length (compared to 16 or more nucleotides in VNTRs).
STRs are smaller in size, easily genotyped and automated, and can be multiplexed,
making this the preferred marker for human identification (Figure 3). SNPs represent the
most abundant class of human polymorphisms, have a very low mutation rate, and are
suitable for high throughput analysis. SNPs have been revolutionary in the field of
medicine for decades because they can be used as markers to identify genes that underlie
complex diseases (Williams et al., 2011) . The world of pharmacogenomics has also
reaped marvelous benefits as they have used SNP typing to understand and overcome
variable response to drugs. In his review of group-based and personalized care in 2012,
Maglo stressed that “personalized therapy has improved our understanding of genomic
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medicine” (Maglo, 2012). Only recently has SNP typing been disussed in forensic
genetics. Sobrino et al. 2005 purport the following limitations of SNP typing for the field
of forensics: that the number of SNPs required for forensic analysis is nearly four times
the number of STRs necessary to have a similar discrimination power; cost advantages
are not clear for high-throughput analyses; paternity testing would not be benefitted
through the use of SNPs; STRs have been studied longer and have accumulated more
experience (Sobrino, Brión, & Carracedo, 2005). Participants in the final session of the
22nd Congress of the International Society of Forensic Genetics (ISFG) held in
Copenhagen, Denmark in 2007 presented similar concerns with SNP typing. Butler et al.
2008 deduced that SNPs would not replace core STR loci currently used in national DNA
databases due to that the lack of commercial kits and widely established core loci for
SNP analysis. Furthermore, he pointed out the issues surrounding mixture interpretation
and the confusion caused by multiple typing platforms (Butler et al., 2008).
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The development of commercially available SNP typing kits and widely
established core loci for SNP analysis are not too far into the future. The world of
genomics has seen extraordinary improvements in DNA typing technologies and dataproduction pipelines over the last few years. In 2001, the technology that sequenced the
human genome (termed ‘first-generation” sequencing technology) was based on capillary
electrophoresis of individually fluorescently labeled nucleotides and could only ‘read’
500-600 bases in a single reaction. In 2005, an array of radically different sequencing
technologies became available from several different manufacturers. The availability of
multiple instruments engendered a fierce competition between manufacturers which
resulted in lower sequencing costs, improved base-calling accuracy and an increase both
in read lengths and the amount of sequence output per run (Mardis, 2011). Per humansized genome, current costs of sequencing are approaching $1000, while, as of August
2011, the cost of the entire C. elegans genome is approximately $600 (Rourke et al.,
2011) . Davison joked in her article in 2009 that “sequencing a genome takes a month
and can be had for the cost of a new car payment.” (Davison, 2009). Aaron Saenz’s 2011
article, “Costs of DNA Sequencing Falling Fast” states,
“over the past decade the [decrease in the] costs of sequencing DNA is truly jawdropping….the National Human Genome Research Institute’s research shows that
sequencing costs plummeting.” (Saenz, 2011).
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With such drastic advances in DNA sequencing technologies and the commercially
available platforms, commercially available SNP typing kits, appropriate for use in
forensic DNA typing, are foreseeable.
Human Inheritance: Nuclear and Mitochondrial DNA
Nuclear DNA
Multicellular organisms arise by a relatively slow process of progressive change
that begins with the fusion of very specialized cells - an egg and a sperm (gametes). The
result of this union, a zygote illustrated in Figure 4, contains genetic information (nuclear
DNA) inherited from both parents that directs fetus development (Gilbert, 2006). As the
zygote divides mitotically to produce all cells of the body, nuclear genes are not lost or
mutated and the genome of each cell is equivalent to that of every other cell (barring
lymphocytes in which cells rearrange their DNA during differentiation to create new
immunoglobulin and antigen receptor genes). Nuclear DNA is packaged into individual
chromosomes, which total twenty-three pairs in normal cells. Each eukaryotic
chromosome consists of one very long, linear DNA molecule associated with many
proteins and RNAs. The DNA molecule carries hundreds to thousands of genes, the units
of information that specify an organisms inherited traits.
Much of what we know regarding human inheritance has come from the careful
analysis of family histories or pedigrees that track traits over many generations.
Advances in molecular genetics within the last generation have led to improved analyses
of inheritance of specific genetic traits within families; however, without the early
contributions of a scientist named Gregor Mendel our current state of knowledge might
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be greatly reduced. Using pea plants as the initial focus of his research, Gregor Mendel
offered an explanation of heredity with two laws: equal segregation and independent
assortment. Mendel’s first law of equal segregation states that during the formation of
gametes (sperm & egg), the two members of a gene pair (allele) separate into the
gametes, so that half of the gametes carry one allele and half carry the second allele.
According to Mendel’s first law, we inherit half of our nuclear genes from each parent
and that reuniting the two through fertilization is an essentially random act. The Law of
Independent Assortment, Mendel’s second law, states that during gamete formation, the
segregation of one gene pair is independent of other gene pairs. Thus, the segregation of
alleles at one locus is independent of the segregation of alleles at other unlinked loci. The
law of independent assortment is the foundational principle that allows for a high power
of discrimination through applying the product rule to the unlinked core loci typed in
forensics. This principle explains the source of tremendous genetic variation that can be
exploited for medical, anthropological and forensic purposes.
Nuclear DNA markers are employed in population-genetic analyses for most
organisms studied thus far. This is simply because the polymorphicity of nuclear markers
has been demonstrated to have the highest power amongst individuals, barring identical
twins. Population statistics for the nuclear loci are foundational for statistical meanings of
a match in a DNA profile interpretation.
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Mitochondria
Prior to the CSI-era, a typical high-school Biology course would introduce the
mitochondrion simply as the energy producing organelle of the cell. Little, if any,
discussion was provided about the mitochondrial genome and it’s participation in human
inheritance and phenotypes. Now that human identification via DNA typing is the driving
force behind several forms of television entertainment, the traditional role of the
mitochondrion has taken a backseat; a phenomena that is certain to displease many high
school Biology teachers. Perhaps not as riveting as catching a criminal, the
mitochondrion plays a vital role in most eukaryotes and other living organisms and serves
as the location of the final phases of aerobic respiration (Figure 5).
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The large forensic advantage of high copy number and the stability of the
mtgenome is a direct consequence of the mitochondrion’s function and evolutionary
history. Understanding the necessary functions encoded in its genome enhances our
appreciation of molecular genetics of mitochondrial gene variation. Living cells require
energy from external sources. The process by which the energy is consumed, converted
and transformed by living cells, cellular respiration, is fairly complex and elaborate
(Figure 6). Several stages of cellular respiration, namely the citric acid cycle and
oxidative phosphorylation, take place in the mitochondrion. Briefly, glycolysis is the
breakdown of glucose into pyruvate; the citric acid cycle completes the breakdown of
glucose; and oxidative phosphorylation accounts for most of the ATP synthesis.
Following the generation of pyruvate during glycolysis, the oxidation of glucose is
completed in the mitochondrion in the presence of oxygen (O2). Enzymes within the
outer and inner membranes of the mitochondria assist in converting cellular materials into
adenosine triphosphate (ATP), which fuels the metabolic activities of the cell (Davidson,
2004; Reece et al., 2011).
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The separation of biochemical processes such as the citric acid cycle, which
occurs in the mitochondrial matrix, and oxidative phosphorylation, which traverses an
electrochemical gradient of the tightly folded inner membrane, enables cells to use
aerobic respiration to produce approximately 15 times more ATP than anaerobic
respiration (Davidson, 2004; McBride, Neuspiel, & Wasiak, 2006) (Figure 7). Extensive
research has located a total of five protein complexes in the mitochondrial inner
membrane involved in the electron transport and oxidative phosphorylation pathways.
Complexes I, II, III, and IV are part of the electron transport chain. Complex V is the
enzyme complex that carries out the oxidative phosphorylation reaction: the actual
conversion of ADP to ATP. All of these are large multi-protein complexes (Brandt, 2003)
(Figure 8).
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The mitochondrion’s complex compartmental structure is reflective of its
dynamic function in energy production. It has two membranes that separate into four
distinct compartments with each membrane-bound section being able to work cohesively
to generate ATP. The two membranes divide the organelle into a narrow inner-membrane
space and a large internal matrix. The outer membrane of the mitochondrion contains
channel proteins and porins, which selectively filter cellular components. The inner
mitochondrial membrane consists of extensive foldings called cristae (Davidson, 2004).
Mitochondria are found in nucleated cells of most eukaryotes; this includes plants,
fungi, animals, and multi-cellular protists. The number of mitochondria per cell is
dependent largely on the cells metabolic requirements, though typically the copy number
of mitochondrial DNA is 100-10000 copies/cell (Malyarchuk & Rogozin, 2004).
Morphologically, mitochondria are diverse and fluctuate in size (1-10µm) and shape
regularly. They range in shape from long inter-connected tubules to small separate
spheres (Okamoto & Shaw, 2005).
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Mitochondrial Genome
Decades of debates and studies have resulted in the currently unquestioned
bacterial ancestry of the mitochondrion (Andersson & Kurland, 1999; Dyall & Johnson,
2000; Embley & Hirt, 1998; López-Garćia & Moreira, 1999; Philippe, Germot, &
Moreira, 2000; Roger, 1999; Rotte, Henze, Müller, & Martin, 2000). The endosymbiont
theory, which states that the mitochondrion evolved from a bacterial progenitor via
symbiosis within an eukaryotic host cell, offers an explanation for the mitochondrion
having its own genome, separate from that of the nucleus it surrounds. Most of the
mitochondrial genome (mtgenome) codes for proteins and enzymes required for their
function. The thirteen proteins that are encoded by the compact, circular, double-stranded
mtgenome are all subunits of the electron transport chain. The mtgenome also encodes 2
ribosomal RNAs (rRNAs) and 22 transfer RNAs (tRNAs) (Figure 9).
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Mammalian mitochondrial DNAs (mtDNA) have two separate origins of
replication. The origin of the heavy strand (guanine rich) is located within a region
termed the Displacement loop (D-loop) and the light strand (cytosine rich) synthesis
originates within a cluster of five tRNA genes nearly opposite of the D-loop.
The single focus of current forensic typing is the D-loop. The D-loop consists of
approximately 1100 base pairs of “noncoding” DNA and is commonly referred to as the
hypervariable region due to an increased frequency of mutation as compared to the
remaining portion of the mtgenome. The hypervariable region is further divided into
three segments. Hypervariable region I (HV1) spans nucleotide positions 16024-16365;
hypervariable region II (HV2) span nucleotide positions 73-340; and hypervariable
region III (HV3) spans nucleotide positions 438-574. HVI and HV2 are traditionally
targeted where as HV3 is rarely examined in forensic settings. The hypervariable region
has been reported to mutate at a rate of 10 to 17 times more frequently than marked areas
of the nuclear genome, namely single-copy nuclear polymorphic sequences (scnp’s) (Bar
et al., 2000).
Mtgenome population specific variation is widely reported in human evolutionary
studies. A study of mtDNA variation of Northwest Africans found high frequencies of
specific haplotypes amongst individuals in Algeria, Morocco and Mauritania (Rando et
al., 1998). Cerny et al. applied HV1 and HV2 testing to resolve the genetic relationship
between Fulani Nomads and neighboring sedentary populations in Sub-Saharan Africa
(Soares et al., 2011). An evaluation of mtgenome control region sequences for
approximately 700 Hispanic individuals living in the U.S. resulted in 70% belonging to
one of three designated ‘Hispanic haplogroups’. (Allard, Polanskey, Wilson, Monson, &
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Budowle, 2006).
While the mitochondrion typically contains only 0.25% of a cell’s total DNA,
hundreds of mitochondria inhabit the cytosol of cells allowing mtDNA to be the most
plentiful genetic material in forensic samples (Butler 2009). It is these traits of both
demonstrated population specific variation and copy number that has allowed mtDNA
analysis to be used for forensic analysis.
Current literature suggests that mtDNA is most useful during forensic
investigations involving hair and calcified tissues in ancient samples, mass disasters and
missing persons when DNA specimens are often environmentally compromised or highly
degraded (Kavlick et al. 2011). The odds of mtDNA forensic markers surviving cellular
damage are greater than that of the nuclear genome since there are hundreds to thousands
of mtgenomes in each nucleated cell. MtDNA is also beneficial in cases in which the
obtained extracted DNA sample is very small (Kavlick et al. 2011).
The advantage of mtDNA analysis as an exclusionary tool is often overlooked due
to its mode of inheritance. Unlike the nuclear genome, mtgenome does not undergo
chromosomal recombination, Mendelian inheritance or replication repair as only the
mother passes clonal copies of her mtgenome to her progeny through the egg. Thus,
barring mutation, progeny inherit an identical mtDNA signature that is shared between
maternally related individuals.
The most likely origin of anatomically modern humans lies in sub-Saharan Africa,
where the most ancient remains have been found using various markers, namely
mitochondrial DNA analysis, microsatellites, phenotypic measurements based on
craniometric traits and studies related to climate change (Balloux, Handley, Jombart, Liu,
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& Manica, 2009; Betti, Balloux, Amos, Hanihara, & Manica, 2009; Handley, Manica,
Goudet, & Balloux, 2007; Serre & Pääbo, 2004; von Cramon-Taubadel & Lycett, 2008) .
MtDNA is passed through the generations independent of male influence as the fertilizing
sperm only contributes cellular components directly to the nucleus (Schwartz & Vissing
2002).

The Scientific Community Calls for More Forensic Science Research
There have been tremendous advances in the field of Forensic Science as the
technology has grown and been perfected over the centuries, but, as with any technology,
there remains room for growth. Forensic Science has been criticized for a lack of
standards and coordination: complaints about the unreliability of some scientific evidence
used in courts are long-standing and widespread (Cressey, 2012). The 2009 report,
“Strengthening Forensic Science in the United States: A Path Forward”, by the US
National Research Council called for major reforms to the U.S. forensic science system,
including better standardization of protocols and more research into the reliability of
methods used (Edwards & Gatsonis, 2009). The U.S. Congress is now considering a bill
that would provide money for forensics research and require the U.S. National Institute of
Standards and Technology to establish standards in the area of forensic science. A recent
symposium sponsored by the American Chemical Society’s Chemistry and Law division
in August 2012 sparked a heated debate and raised various issues concerning the field of
forensic science. Justin McShane, attorney-at-law with the Pennsylvania Innocence
Project, described forensic science as the “Wild Wild West” indicating the need for more
research in the field of forensics. Forensic geneticist and director of the Idaho Innocence
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Project, Greg Hampikian echoed previous sentiments and described his “nightmares”
regarding the ease with which innocent people can be convicted due to flaws and
inconsistencies in the forensic systems (McShane, 2012).

Forensic Relevance of U.S. African Americans
According to the 2011 U.S. Department of Commerce U.S. Census Bureau, U.S.
African Americans constitute 13.1% of the total U.S. population and roughly 40% of
those incarcerated in U.S. prisons (Tables 2 and 3) (Ajrouch, 2012; Minton &
Statistician, 2012). U.S. African Americans are disproportionately affected by the
criminal justice system and the forensic methodology used to exclude suspects. In order
to critically evaluate mtDNA analysis as used in the U.S. criminal justice system,
evaluation of a population that accurately reflects U.S. substructure is of import; thus
U.S. African Americans are an especially relevant population (Pääbo, 2003).
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The fields of anthropology and genetics often use the terms African American,
Afro-American, Black, African and “Negroid” interchangeably as measures of ethnicity
(Arnaiz-Villena et al., 2001; Cann, R., Mark Stoneking & Cann, 1987; Röhl, Brinkmann,
Forster, & Forster, 2001). The term African American is not limited to the continental
U.S. In fact, persons of African descent hailing from North America, South America and
Central America also use the term “African American”.
The FBI database is reported to have insufficient representation of haplotypes
reflecting population substructure in the U.S. (Suhl, 2008). Although many databases
catalog mtDNA diversity for native African populations, few illustrate the differences
between African Americans from South and Central America, native Africans and U.S.
African Americans. To avoid bias and further disparity, the utility of mtDNA analysis
should be evaluated for U.S. African Americans. Thus, cataloging the mtgenomes of selfidentified U.S. African Americans in this study will assess mtDNA analysis’ power of
discrimination for this population.
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Specific Aim I: To evaluate the power of discrimination of mtDNA forensic analysis
with respect to hypervariable region 1 (HV1) of self-identified U.S. African Americans.

Our motivation for Specific Aim I was to determine if mtDNA HVI SNP analysis
had a higher power of discrimination for U.S. African Americans than for European
Americans. We hypothesized that U.S. African American mtgenomes are more
genetically diverse than previously reported and therefore would result in the ability to
resolve individuals based solely on HVI . We accomplished this study through mtDNA
HVI sequencing of 185 self-identifying U.S. African Americans using traditional forensic
DNA sequencing methods (dideoxy sequencing). Samples were compared to the revised
Cambridge Reference Sequence (rCRS) to determine single base changes, insertions and
deletions. Haplotypes were generated using NCBI’s BLAST and haplogroups were
assigned using a novel bioinformatics tool, the HaploSNPolater.

Specific Aim II: To fully re-sequence mtgenomes of self-identified U.S. African
Americans.
Sub-Aim II-A: To compare the accuracy of complete mtgenome resequencing of samples
with varied maternal ancestry using microarray technology.
Sub-Aim II-B: To determine if collecting full mtgenome information will improve the
power of discrimination in African Americans as demonstrated in European Americans.
Sub-Aim II-A: Reports of ethnic biases in sequencing platforms have stimulated
discussion regarding the sequencing of genomes from different ethnic populations.
Earlier versions of the Affymetrix microarray system yielded high N-calls and miscalls
for some samples, initially believed to be a result of ethnic bias. A closer examination of
the data implicated regions of high variation, such as the hypervariable region of the
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mtgenome, which also houses several stretches of polynucleotide repeats. One tract of
poly C repeats, located in HV2 is frequently observed within African American samples.
We hypothesized if African Americans have a higher frequency of polynucleotide tracts,
then microarray analysis will be less accurate and efficient for these samples.

Sub-Aim II-B: Previous studies, largely on European populations, have
demonstrated that mtDNA HVI typing is not sufficient to resolve individuals with similar
HVI haplotypes. In such instances, researchers have looked to the coding region to
identify SNPs that will differentiate samples with identical HVI signatures. Specific Aim
II’s focus is on fully sequencing the genome of self-identified U.S. African Americans to
determine if coding region SNPs will enhance the power of discrimination of mtDNA
analysis. We hypothesize that if two samples share identical HV1 signatures/haplotypes,
then we will be able to resolve these individuals using HV2, HV3 or moving further into
the coding region of the mtgenome. Samples were sequenced using the Affymetrix
MitoChip array. All sequences were confirmed using dideoxy sequencing with a total of
52 separate primer pairs.

Specific Aim III: To develop and evaluate a panel of mtDNA coding region SNPs aimed
to refine haplogroup assignment when HV1-based haplogroup classification is
ambiguous.

The underlying question for Specific Aim III is if there is concordance between
self-identified ethnicity and haplogroup assignment. Furthermore, in instances where
there is a disagreement between the two, can we employ coding region SNPs to depict a
more accurate reflection of deep ancestry. We hypothesized that if the coding region of
the mtgenome is more stable (undergoes mutation less frequently) than the hypervariable
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region (located in the non-coding portion of the mtgenome) then coding region SNPs will
be more powerful and informative in the determination of haplogroup than SNPs in HVI.
To address these queries, we employed a 7-SNP panel of mtDNA coding region variants
to further evaluate samples that were disconcordant.
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Chapter 2: MtDNA HV1 Variation in Self-Identified U.S. African
Americans
Hypervariable Region 1 MtDNA Typing
The usefulness of any forensic technique is dependent on the assay’s accuracy and
robustness, which is often measured by its ability to differentiate individuals. For this
reason, microsatellites, more commonly called short tandem repeats (STRs), are the gold
standard for suspect identification in forensics as they are reported to be unique to each
individual, barring identical twins. STRs are regions of short (2-7bp), tandemly arrayed
DNA repeats found throughout the human genome that vary in copy number between
individuals. A current forensic DNA profile consists of 13-core STRs, including a sextyping locus, located on different chromosomes, although a report published by the
Federal Bureau of Investigation (FBI) in April 2011 projects that the U.S. core loci will
be expanded from 13 to 20 STRs to enable more global DNA sharing (Butler and Hill
2012). While the ability of traditional STR analysis to discern the difference between
individuals quickly and accurately is appealing, there are instances in which crime scene
samples are not forensically friendly (degraded DNA or having low starting template)
making STR typing difficult or impossible. In these cases a different DNA typing method
is required, such as mitochondrial DNA (mtDNA) sequencing. The mitochondrial
genome (mtgenome) is a small (16, 569 base pairs) circular genome that is located
outside of the nucleus and inherited through the maternal lineage. There are multiple
copies of the mtgenome per mitochondrion and hundreds of mitochondria in the
cytoplasm of each cell, making mtDNA among the most abundant sequences in the
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eukaryotic cell. The size, shape and copy number of the mtgenome render it more stable
and more resistant to degradation than nuclear chromosomal DNA (Allard et al. 2006;
Hoong and Lek 2005; Foran 2006). MtDNA may be the only DNA that can be recovered
in sufficient quantity and quality from environmentally compromised samples, such as
those encountered in the 11 September 2001 World Trade Center attacks, the 15 April
1912 Titanic tragedy and many other cases of missing persons. Despite these numerous
advantages, mtDNA is generally perceived to have a limited power of discrimination due
to a shared mitochondrial signature between maternally related individuals (Parsons and
Coble 2001; Bandelt, Hans-Jürgen, Salas, Antonio, Bravi 2004).
The exploitation of mtDNA variation has increasingly become a source of recent
forensic and anthropological investigations worldwide. Several studies buttress the notion
that mtDNA variation correlates highly with the ethnic and geographic origin of an
individual (Yao et al. 2002; Lee et al. 2011; Catelli et al. 2011). Hypervariable region
typing is powerful because it boasts a higher mutation rate and does not undergo
Mendelian inheritance (only the mother passes clonal copies of her mtgenome to her
progeny) or recombination. Thus, barring mutation, progeny maternally inherit an
identical mtDNA haplotype. Although the hypervariable regions 1 and 2 (HV1, HV2)
depicted in Figure 1 comprise forensic mitotypes, the HV1 region is primarily used to
assign haplogroups (hg) in population genetics and anthropological investigations as the
HV2 region has been demonstrated to show less genetic variability in various populations
(Hoong and Lek 2005; Stoneking 2000). Haplogroups, clusters containing shared genetic
signatures, are typically used to classify individuals with similar geogenetic origin.
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Mitochondrial DNA forensic analysis to distinguish between non-maternally
related individuals is based primarily on sequence variation in the hypervariable regions.
These regions comprise a small fraction, approximately 6%, of the mtgenome. To date,
sequence variation in the hypervariable regions has been collected primarily from
populations of European ancestry with limited data from U.S. African Americans. These
studies suggest that for Europeans, the most common mtDNA haplotype is present in at
least 7% of the population, while 40-50% of Europeans cluster into Haplogroup H
(Brandstätter et al. 2006). It is a well-established fact that populations with African
ancestry have the greatest genetic diversity in a number of genes, including the
mtgenome, and sequence data for this population is widely available. However sequence
information from a forensically- relevant population of U.S. African Americans is
extremely scarce by comparison. We address this dearth of data by analyzing HV1
sequences from a convenience population of U.S. African Americans in the state of
Connecticut. We define U.S. African Americans as any individual, currently residing in
Connecticut, who self-identifies as African American or Black. Similarly, U.S. European
Americans are defined as any individual, currently residing in Connecticut, who self identifies as White, Caucasian or European. It should be noted that individuals who selfidentify as African American may include subjects of non-African maternal ethnicity.
Due to the low resolution of HV1 sequence types in Europeans, mtDNA is perceived to
have severely limited utility in forensic investigations. Our results demonstrate that
mtDNA analysis, in fact, has a higher power of discrimination when applied to the U.S.
African American population, a group inadequately represented in mtDNA databases
(Bandelt, Hans-Jürgen, Salas, Antonio, Bravi 2004). We test the hypothesis that U.S.
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African American mtgenomes are more diverse than those of U.S. European Americans.
If this is true, then mtDNA HV1 SNP typing will have a greater power of discrimination
for the self-identified U.S. African American sample population.
Materials & Methods
Anonymous Subject Selection:
Self-identified U.S. African Americans were recruited as part of protocol #: H03-198,
“DNA Research in Support of Crime Lab Involvement” and protocol #: H11-149,
“Analysis of the Power of Discrimination of Mitochondrial DNA in African Americans”.
Participants completed a biographical sketch survey, which included information about:
age, gender and place of birth for three generations. One hundred-eighty five (185)
unrelated individuals were selected. Exclusion criteria applied to those with apparent
maternal relation (i.e. samples listed the same place of birth for themselves, mother
and/or father). In cases of suspected maternal relation both samples were excluded from
the study. All samples were assigned reference numbers to ensure anonymity and
confidentiality.
Sample Collection:
Sterile buccal swabs were collected from volunteer participants. To ensure sufficient
genomic DNA was retrieved, two buccal swabs were collected from each individual.
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Data Analysis:
Following mtDNA forensic guidelines, samples were deemed “different” if there was at
least one nucleotide difference between the samples. Sequences that did not yield a
minimum of 375 bases (of the 500 base pair HV1 region) were excluded from analyses. It
is important to note that the HV1 region of mtDNA is variable in both its sequence and
its length. Samples yielded differently sized HV1 fragments, however, for inclusion in
this study a minimum of the following nucleotides must be identifiable: HV1 (1602416399), excluding bases in the poly C region .
DNA sample and extraction:
Genomic DNA (gDNA) from 185 self-identified U.S. African Americans was collected
using a buccal swab and incubated at 56 degrees Celsius in 450uL extraction buffer
(10mM Tris-HCl pH 7.5, 10mM EDTA, 50mM NaCl, 2% SDS pH 7.5) and 20uL of
proteinase-K (15mg/mL) for 2-16 hours. Following the incubation, DNA was then
extracted using a phenol/chloroform/isoamyl alcohol (PCI 25:24:1) mixture to separate
DNA from other cellular debris (Sambrook and Russell 1989). Subsequently, the samples
were applied to a Microcon-100 filter (Millipore Corporation, Bellerica, MA) to
concentrate the extracted DNA. The samples were resuspended in 50uL-deionized water
following concentration.
Assessment of DNA Quantity & Quality
All extracted DNA samples were electrophoresed to observe quality and quantity of the
extracted genomic DNA using a 1% agarose gel containing 1% ethidium bromide. To
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assess quality and quantity of gDNA 5uL from each sample was added to 2uL of 5X
loading dye and briefly vortexed and centrifuged. Genomic DNA concentration was
determined by comparing sample to known human molecular weight sizing standards
ranging from 10ng to 400ng. In addition to the samples and human molecular weight size
standards, 2uL of a 1kB+ ladder (Invitrogen) was added to each agarose gel to determine
the size of the fragments visualized. The fragment size was approximately 500bp as
visualized on the agarose gel. Samples were electrophoresed for 45 minutes at 120V
using 400mA.
Amplification and sequencing of mtDNA hypervariable region 1:
To generate PCR amplicons of the HV1 region of mitochondrial DNA the forward
primer, FP-L15971 and the reverse primer RP-H16414 were used.
FP-L15971: (5’-TGTAAAACGACGGCCAGTCAAATCAGAGAAAAAGTCTT-3’)
RP-H16414: (5‘- CAGGAAACAGCTATGACCTTGTGCGGGATATTGATTTC-3’)
The 5’ end of each forward and reverse primer (Integrated DNA Technologies) was
engineered with a universal 18bp M13 adaptor sequence to facilitate subsequent sequence
reactions. The final concentrations of reagents in the PCR mixture were 2ng of genomic
DNA, 1U of AmpliTaq DNA® polymerase (Applied Biosystems), 1X PCR Buffer
(Applied Biosystems, Foster City, CA), 0.1uM each primer, 1.5mM MgCl2, 0.2mM each
dNTP and dH2O to a final volume of 25uL. A negative control reaction was included
which substituted dH2O for the genomic DNA and contained all other reagents. Thermal
cycling was conducted on a MyCycler Thermocycler (BioRad) and consisted of 94oC for
2 min followed by 25 cycles of 94oC for 45 sec, 52oC for 30 sec, 72oC for 1 min with a
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final extension of 72oC for 5min. PCR products were electrophoresed in a 1% agarose gel
stained with ethidium bromide to assess the purity, quantity and size of the PCR product
using 1Kb+ ladder (Invitrogen, Carlsbad CA). Immediately following product
verification, PCR samples were purified using Qiaquick PCR Purification columns
(Qiagen, Valencia, CA). The manufacturer’s protocol was strictly adhered to except for
the use of dH2O rather than TE buffer in DNA re-suspension.
All double-stranded fragments were sequenced bi-directionally at least twice, to confirm
all base calls. The primers used were M13F for forward sequencing and M13R for
reverse strands. The ABI 377 Sequencing protocol was followed with the exception of
preparing one-sixteenth of the recommended ABI amounts (Big Dye® Terminator v3.1
Cycle Sequencing Kit Protocol), which resulted in a final volume of 10uL. The
sequencing product was then precipitated using 50uL of 95% ethanol and 2uL of 3M
NaOAc. Precipitated pellets were reconstituted in 20uL of Hi-Di Formamide (Applied
Biosystems, Foster City, CA). Sequence products were then separated electrophoretically
using an ABI 3130 Capillary Sequencer.
Data analysis and bioinformatics:
All sequence designations are based on comparisons to the revised Cambridge Reference
Sequence (rCRS). The raw sequence data was extracted and base calls assigned by ABI
Sequence Analysis software, while errors and N-calls were corrected manually using
Chromas v1.2 software (McCarther 1996). Corrected sequence was exported to FASTA
file format for comparison to mtDNA rCRS using NCBI’s Basic Local Alignment Search
Tool (Gertz 2006). The haplotype of each sample was exported and organized using
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Microsoft Excel. Population data was analyzed using Arlequin v.3.5 software to calculate
genetic diversity, nucleotide diversity and the mean number of pair-wise differences
(Excoffier et al. 2010).
Haplogroup assignment:
Haplogroups were assigned using novel software (HaploSNPolator) developed in
collaboration with Dr. Craig Nelson, Dr. Joshua Suhl and Brian Brennan at the University
of Connecticut, Storrs using a support vector machine (SVM) algorithm. This program
contains three separate tools: the calling of SNP positions relative to the rCRS; the
designation of a haplotype to its most likely haplogroup (as well as a confidence score of
that designation); and the most likely prediction of ethnicity based on haplogroup
assignment. The forensic and published tables in the mtDNA population database were
used to classify sequence data (Budowle et al. 2002).
Results
Forensically, the result of mtDNA analysis is the generation of an mtDNA
haplotype, whereas the fields of anthropology and population genetics use haplogroup
assignments to make geogenetic associations. Haplogroups, in the absence of complete
mtDNA genome sequence data, are best assigned by typing a panel of coding-region
biallelic polymorphisms (Torroni et al 1993). In a study conducted on an mtDNA
population database that contained an estimated 11,000 samples, from both the Federal
Bureau of Investigation and samples collected from the literature, Nelson et al. 2011
demonstrated that a small region of mtDNA can be used to infer coarse ethnicity with
high accuracy (Lee et al. 2011; Budowle et al. 2002). While haplogroup analysis is
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interesting for phylogenetic, clinical and forensic studies, the use of haplogroup
assignments as a predictor of ethnicity remains controversial and not well characterized.
In the present study we use the program designed by Nelson et al. 2011 in
conjunction with haplotype discrimination as an initial computational tool to catalog
mtDNA diversity, understanding fully its limitations in elucidating deep ancestry. We
aim to determine if mtDNA HV1-based sequence analysis has a higher power of
discrimination for U.S. African Americans than for U.S. European Americans. If there is
more variation in U.S. African American mtgenomes than U.S. European American
mtgenomes, then we might predict a proportional number of diverse haplogroups. As
shown in Table 1, there are more than three times the number of major haplogroups in the
U.S. African American data set than the U.S. European American data set. These findings
are noteworthy considering the U.S. European data set was twice as large as the U.S.
African American data set. Furthermore, while the L1 hg represents approximately 50%
of the U.S. African American samples, each of the samples belongs to a unique subhaplogroup, which contains additional markers that provide higher resolution of
populations within the same haplogroup. The haplogroups L0, L1, L2 and L3 are
commonly associated with populations of recent African decent and in many cases have
been dubbed as the “African” haplogroups; whereas European populations are commonly
associated with haplogroup H and HV among others (Sims, Garvey, and Ballantyne
2007; Lind et al. 2007; Pimenoff et al. 2007; Brandstätter et al. 2006). In our U.S. African
American population, L0 (15.1%), L1 (47%), L2 (9.2%) and L3 (18.9%) are the most
common haplogroups, while European-associated haplogroups represent less than 1%.
Though haplogroup assignment is not a direct measure of deep ancestry, we do note
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approximately 90% concordance between self identified ethnicity and the assigned hg, in
both the U.S. African American and U.S. European American data sets. Similarly,
Diegoli et al. found that the vast majority (94%) of the observed haplogroups in their
self-identified African American population were of African origin (Diegoli, Toni M,
Irwin 2009).
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Complete sequence analysis of the mtDNA HVI can reveal both the genetic
variation and the haplotype redundancy of the data set. There were 28 polymorphisms
that further defined specific African haplogroups (Table 2) and were designated as HV1based motifs. A thymine at position 16223 was present in the majority (96%) of the
samples from individuals who self-identified as African American. We frequently
observed several indels in the U.S. African American data set (Table 3). These indels
were observed in a range of combinations between haplotypes.
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Table 4 illustrates pair-wise mtDNA HV1-based sequence comparisons to the
revised Cambridge Reference Sequence (rCRS) and all other sequences in the database.
There were 185 unique haplotypes for the U.S. African American data set, representing
100% of the 185 samples. In contrast, 54% (n= 326) of the U.S. European American
samples had identical mtDNA haplotypes. In our African American data set, 203
insertions and 76 deletions were observed mostly in the poly C region of HVI. Sequence
validation was redundant. All PCR’s were performed in triplicate and all chromatograms
were edited by at least two individuals to confirm base calls. Similar results have been
reported in Hispanic and European populations. Allard et al. observed 344 indels in his
data set of 201 Hispanic individuals using dideoxy sequencing methods (Allard et al.
2006).
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As a separate evaluation of mtgenome variability within and between U.S.
African Americans and U.S. European Americans in Connecticut we performed statistical
calculations of genetic diversity (the probability of two randomly selected haplotypes
being different), nucleotide diversity (the probability of two randomly selected
haplotypes differing at any given nucleotide position) and the mean number of pair-wise
differences (the average number of nucleotide differences between any two haplotypes)
for our data sets (Table 5). The African American population presented here possessed a
high genetic diversity and a large number of unique haplotypes. The most notable pattern
is that the U.S. African American population has a higher level of genetic diversity when
compared to the U.S. European population (0.998 +/- 0.002 v 0.933 +/- .024,
respectively). Though these values appear similar, it is important to consider that the size
of the African American data set is half the size of the European data set. Even with a
smaller number of individuals there is a significant increase in diversity amongst the
African American samples. We estimated an average of approximately 17 differences in
the HV1 region between two randomly selected U.S. African Americans. When
considering the genetic diversity in this data set of 0.998, we can calculate that nearly
99.8% of the time, two randomly selected individuals will have grossly different
haplotypes.
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Discussion
DNA typing was initially used to bolster a case against a suspect previously
identified through traditional means of evidence gathering. However, the evolution of
DNA typing has far surpassed the limited confirmatory role of DNA evidence and led to
the increase of DNA’s probative value. Our research supports this role by demonstrating
that mtDNA HV1-based sequence analysis has a higher power of discrimination for selfidentified U.S. African Americans than for U.S. European Americans. With these
findings, we challenge the preconception of limited mtDNA utility and make three
observations concerning mtDNA analysis for forensic typing: First, the discriminatory
power of mtDNA analysis will vary based on the maternal lineage. There is greater
mtgenome variability amongst populations with maternal African ancestry, as
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demonstrated in our findings. Second, in cases of weak or alternative suspects, mtDNA
HV1-based sequence analysis and haplogroup discrimination may provide new avenues
for consideration and offer investigative leads, such as, inferring ethnicity from an
unknown evidentiary sample. We demonstrated greater than 90% concordance of selfidentified ethnicity and haplogroup assignment, which supports the idea of inferring
ethnicity based on mtDNA haplotype. Third, an increase in mtDNA HV1 population data
will help to increase the power of discrimination for mtDNA typing by providing
stronger statistical support. Many haplotypes in our sampling of U.S. European
Americans, where 69.1% of the haplotypes are unique, have not been cataloged in the
FBI mtDNA database. This is true to a greater degree in the U.S. African American
sampling, where over 92% of the haplotypes haven’t been recorded in the FBI database
and 100% of the haplotypes are unique. This indicates that many haplotypes are yet to be
discovered and suggests that mtDNA could be a far greater discriminatory locus than
previously recognized.
Current studies suggest that often a great percentage of African American
mitochondrial DNA (mtDNA) material does not match in known databases, which is a
clear indication that there is a need for more sampling of persons of African American
ancestry (Campbell and Tishkoff 2010; Tishkoff and Williams 2002; Afonso et al. 2008;
Ng et al. 2008; Gibbons 2009; Ely et al. 2006). Although many databases catalog mtDNA
diversity for native African populations, few illustrate the differences between African
Americans from South and Central America, native Africans and U.S. African
Americans. While such distinction may not be necessary in human migration, human

	
  

61	
  

disease or human origin studies, defining ethnicities is paramount in the field of forensics
as the statistics incorporate the ethnicity of the suspect.
The genetic diversity results presented here are consistent with those of numerous
studies in showing higher levels of diversity in African populations than in non-African
populations (L. A. Vigilant 1990; L. Vigilant et al. 2010; Hey 1997; Cavalli-Sforza
1998). This implies that there is greater mtDNA haplotype variation amongst the U.S.
African Americans in the data set than the U.S. European American data set. This
information is not surprising, considering the suggestion of unrelated studies, that for
European populations, the most common mtDNA haplotype is present in at least 7% of
the entire population, while 40-50% of Europeans cluster into Haplogroup H. Our HV1
sequence analysis of a U.S. European American data set has confirmed that HV1
sequence types for this population tend to be more genetically similar when compared to
U.S. African Americans, due to a higher level of variation in U.S. African Americans.
A higher level of African diversity supports the hypothesis that modern humans
first arose in Africa and then colonized other parts of the world (Stoneking 1993). In
regards to the population in this study it is relevant to note that a large majority of these
samples were taken at institutions of higher learning that for several years have had major
advancements in diversity efforts, therefore resulting in a more diverse population.
Though such high levels of diversity in our U.S. African American Connecticut database
are striking, we recognize that such variation may not be observed in all U.S. African
American communities. A relevant question, that remains unanswered, is whether this
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type of variation extends to other U.S. African American populations. The answer is
significant as it impacts on the current state of forensic DNA typing.
Mitochondrial DNA analysis cannot be solely used to unequivocally identify a
suspect because maternally related individuals share identical mtDNA sequences. The
analyst must report that the DNA from the evidentiary sample and the suspect are
consistent with having originated from the same source or maternal lineage. Forensically,
once a match is obtained between an evidentiary sample and a suspect, the frequency of
the haplotype in the population is required to calculate the possibility of a chance match.
The populations on which these statistics are derived are solely based on the ethnicity of
the individual. For this reason, the size and diversity of mtDNA databases are critical in
generating an accurate estimate of the random match probability (RMP) (Brenner 2010).
We recommend that mtDNA analysis be used in conjunction with standard autosomal
short tandem repeat (STR) typing in special cases where DNA amounts are minimal or
severely degraded and suspects are African American. The premise that DNA typing is
sufficient to infer the ethnicity of an individual has been around since 1994 and is
supported by several other research articles (Connor and Stoneking 1994; Röhl et al.
2001; Egeland et al. 2004). Our results also suggest that mtDNA HV1-based sequence
analysis may be useful to infer ethnicity in forensic investigations. Such utility of DNA
may be a major benefit to law enforcement as an investigative lead in the absence of
suspects, missing persons or unidentified remains.
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Chapter 3: Whole Mitochondrial Genome Resequencing Revisited
Advantages of SNP Typing
There is a revolution occurring in single nucleotide genotyping technology that
will certainly affect the field of forensic genetics. The fundamental goal of human
genetics is to identify, characterize and understand specific DNA variation that
contributes to human phenotypes in general, and human disease in particular. In contrast,
the field of forensic genetics applies the knowledge of DNA variation to assist in the
identification of an individual as it relates to legal problems and proceedings.
Determination of which genetic variants to target must balance technological and
practical considerations to ensure that complete resequencing of a genome is
accomplished in an economical and timely manner. The choice of autosomal markers in
forensic genetics, at present, is mostly limited to short tandem repeats (STRs) due to their
high variability, ability to provide a high power of discrimination, and suitability for
multiplex PCR analyses. A major disadvantage to using STR-markers is their high
mutation rate and also the limitation to 16-20 loci in a multiplex reaction. Considered the
gold standard in forensic DNA typing, there are forensic biological samples that are not
as amenable to STR analysis, such as samples that contain too little DNA template or are
too degraded. In contrast, in the field of human genetics, a different class of DNA
variation, single nucleotide polymorphisms (SNPs), has been at the forefront of sequence
analysis. SNPs are base substitutions, insertions or deletions that occur at single positions
in the genome of any organism. Over the last twenty years SNPs have been associated
with various forms of testing, included but not limited to diagnostics and risk profiling,
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gene mapping and discovery, response prediction, homogeneity testing, epidemiological
study design, gene function and identification, physiologic genomics, and associationbased candidate polymorphism testing (Cavalli-Sforza and Bodmer 1971; Wang et al.
1998; Nikiforov et al. 1994; Schork, Fallin, and Lanchbury 2000). More recently, single
nucleotide polymorphisms have garnered the attention of forensic researchers due to their
ability to establish genetic relatedness between individuals. In fact, the SNPforID
Consortium established a set of SNPs to be used in court cases which can be multiplexed
in a single PCR reaction (Budowle and van Daal 2008; Børsting et al. 2008; Sanchez et
al. 2006). SNPs have relatively low mutation rates and thus are stable genetic markers for
lineage-based analysis, such as inheritance cases, missing person cases and situations
where no direct reference sample is available.
DNA Microarrays
The generation, manipulation, and analysis of mitochondrial DNA (mtDNA)
sequence data is inherently complex but has become more manageable with the advent of
adjunct genomic tools such as DNA microarray technology. Improvements within the last
few decades in sequencing technologies have fuelled the concomitant development of
investigative tools that take advantage of extensive sequence data. Whole mitochondrial
genome resequencing and comparative sequence analysis show the robustness of
microarray technology to assess the extent of genetic variation across populations and
offer insight into the forensic significance of mtDNA typing. DNA microarrays are solid
supports (glass or nylon) onto which tens to hundreds of thousands of different
oligonucleotides are immobilized at microscopic, fixed locations. The core principle
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behind microarray analysis is the hybridization between two strands of DNA, that is, the
target DNA and the highly specific oligonucleotide probes. The single-stranded target
DNA, which is the sample of interest, is fragmented, fluorescently labeled, washed and
applied to the microarray. Complimentary sequences will hybridize to the immobilized
probes. The matches can then be visualized and analyzed using the appropriate software,
resulting in the sequence of the target DNA molecule (Joyce et al. 2002).
To evaluate SNPs in the mitochondrial genome we employed whole mtgenome
resequencing using Affymetrix microarrays. Whole genome resequencing using
microarray technology offers the promise of determining genotypes of individuals much
more rapidly, with a limited level of effort and comparable costs to standard dideoxy
sequencing, calculated on a base by base level (Fodor et al. 1991; Pease et al. 1994;
Southern, Maskos, and Elder 1992; McGall et al. 1996; Lipshutz et al. 1999). The
mitochondrial DNA arrays can capture variation in any base of the entire genome and
enable better resolution of similar samples. Microarrays manufactured by Affymetrix
have been used with success in the study of human genetics (Ghirotto and Dolfin 2011;
Homer et al. 2008; Bryc et al. 2010; J G Hacia et al. 1999; Joseph G Hacia et al. 1998; J
G Hacia et al. 1996; J G Hacia and Collins 1999) and even more recently as it relates to
forensic DNA cases (Kling et al. 2012).
While costs, labor intensiveness and avoiding phenotypically related mutations
are legitimate concerns, each with differing degrees of validity, mining the full content of
the mitochondrial genome (mtgenome) remains a significant option in forensic settings.
Furthermore, the dearth of full mtgenome sequences available from forensically relevant

	
  

72	
  

U.S. populations compromises our ability to empirically evaluate these issues. Though
approximately 200,000 partial (control region) mitochondrial DNA sequences have been
published to date, there exist roughly 15,000 fully sequenced mtgenomes that are readily
accessible by forensic mitochondrial genetics databases (Salas et al. 2012). Of these
15,000 complete mtgenomes, less than 10% represent African Americans in the United
States, a population of previously discussed relevance. In this chapter we present full
mtgenome sequence data from a forensically relevant population of self identified U.S.
African Americans obtained via the Affymetrix GeneChip Human Mitochondrial
Resequencing Array 2.0 (MitoChip) and use these data to revisit the forensic feasibility
and utility of whole mtgenome typing.
Compounding issues, such as insufficiently sized databases that do not take into
account the current diversity of the U.S. population and the minimal number of assayed
polymorphic sites, have hampered forensic scientists from realizing the full potential of
mitochondrial DNA (Gibbons 2009; Sanchez-Mazas and Poloni 2008; Suhl 2008).
Though a forensically relevant population of U.S. African Americans exhibits remarkable
mtDNA HVI sequence variation, as presented in Chapter 2, current data suggest mtDNA
haplotypes are less variable in other ethnic groups, leading to a perceived decrease in the
discriminatory power of mtDNA analysis. We propose that exploitation of the mtgenome
beyond the hypervariable regions may resolve individuals with shared mtDNA HVI
signatures. In cases where HV1 signatures are not similar the mtgenome may provide
additional genetic markers to refine haplogroup assignment or to infer ethnicity.
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Significance of Phenotypic Neutrality in Forensics
Current forensic practices do not rely on the genetic information found in the
coding region of mitochondrial DNA. Alvarez-Iglesias et al. stated “sequencing of the
entire mtgenome is costly, time-consuming and therefore unfeasible in a forensic setting”
(Alvarez-Iglesias et al. 2007) and Coble et al. assert that sequencing of the mtgenome is
impractical (Coble et al. 2004). In instances where a match is found between the mtDNA
hypervariable region sequences of unrelated individuals, Budowle et al. suggest that
determining the “rarity of the mtDNA profile” is more “desirable” than sequencing
various SNPs in the coding region of mtDNA to resolve the individuals in question (Bar
et al. 2000; Budowle et al. 2003). Forensic researchers express concern regarding
assessing variation in the coding region due to possible associations of mtDNA mutations
to various diseases or medically significant phenotypes and aver that phenotypic
neutrality is a necessary mandate in the development of practical forensic typing
techniques (Coble et al. 2006; Lutz-Bonengel et al. 2003). Coble et al. 2004 posit that:
“Therefore, unless an appropriate awareness is applied as we turn to the mtDNA coding
region, it is quite possible that mtDNA forensic testing could inadvertently land
investigators into serious situations involving the ethics of medical genetics.”
Coble et al. further state that: “Two thirds of the sites in protein-coding genes vary
nonsynonymously and that many coding region sites that distinguish among individuals
who match in the control region often reflect fortuitous mutational events that are specific
to the HV1/HV2 haplotype in question.”
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We agree that awareness is necessary to avoid polymorphic variants with the
potential for direct phenotype, such as those that cause amino acid replacement or
modifications in ribosomal (rRNA) or transfer RNA (tRNA) structure. However, there is
well-documented variation within the coding region that may increase the power of
discrimination of mtDNA typing without revealing phenotypic associations. Synonymous
substitutions occur within codons of protein coding genes at positions where, even
though the DNA sequence has been changed, the same amino acid will be incorporated
into the protein products. The degeneracy of the mitochondrial genetic code is such that
many third, and several first, codon substitutions are synonymous or silent.
The fact is that the current list of mtDNA coding region variants, listed in Table 1,
implicated in both medical and anthropological investigations have not been documented
as having any phenotypic associations. It is quite understandable that specific point
mutations in the coding region of the mtgenome affect protein-coding or proteinsynthesis machinery (2 rRNAs and 22tRNAs). Oxidative phosphorylation, which takes
place in the mitochondrion, uses a large multienzyme complex to convert oxygen and
simple sugars to energy. Mutations in many of these genes disrupt this process to cause a
variety of syndromes and disorders, such as Leber’s Hereditary Optic Neuropathy, ataxia,
lactic acidosis and stroke and epilepsy. For this reason, mtDNA variants that have been
implicated in such disorders should be avoided in forensic investigations.
Excluding variants that have been associated with phenotypes, the mtgenome
houses quite a few regions that may prove useful in forensic investigations. In addition to
the list of polymorphic sites with synonymous amino acid changes, the mtgenome also
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contains an AC dinucleotide repeat between positions 515 and 524, which is considered
to be the mitochondrial version of a short tandem repeat (STR). The normal (AC)5 repeat
varies across a range of haplotypic backgrounds (Bodenteich et al. 1992). The coding
region of mitochondrial DNA also contains short, non-coding intergenic spacers (totaling
91 bases) that have been identified as mutational hotspots. The least variable regions of
the mtgenome, on a per site basis, are the ribosomal RNA genes followed by the genes
encoding the 22 transfer RNAs.
Research Aims
The research described herein addresses several topics. First, we examine the
accuracy of the Affymetrix MitoChip GSEQ software call rate through comparisons to
dideoxy sequencing results using an equation described later in this section. We have
fully resequenced seventeen mtgenomes of self-identified U.S. African Americans and
compiled data from Suhl (2008) on a population of self-identified U.S. European
Americans to compare the accuracy of complete mtgenome resequencing of samples with
varied maternal ancestry. In order to be used in a forensic setting, mitotyping sequencing
via the MitoChip must be both accurate and reproducible. Second, we address the lack of
knowledge of full mtgenome sequence utility, in a forensic context, by demonstrating the
variation found in the mtgenomes of self-identified U.S. African Americans. Our goal
with this aim is to determine if whole mtgenome resequencing provides better resolution
than standard dideoxy sequencing. If whole mtgenome resequencing yields better
resolution, then it may enhance the power of discrimination of mtDNA typing efforts.
Third, we map differences in the mitosequences of our U.S. African American dataset
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back to the mtgenome and offer an assessment of the relationship of mtgenome variants
and their phenotypic associations. DNA typing methods used to include or exclude
suspects must avoid polymorphisms that impart information about an individual’s
susceptibility to a disease or medical disorder. For this reason, it is important to reveal
whether the mtgenome variants in this study serve as genetic markers that suggest a
specific phenotype.
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Materials and Methods:
Human Subject Protection and Sample Collection:
Self-identified U.S. African Americans were recruited as part of protocol #: H03-198,
“DNA Research in Support of Crime Lab Involvement” and protocol #: H11-149,
“Analysis of the Power of Discrimination of Mitochondrial DNA in African Americans”.
Participation was voluntary and anonymous. Participants completed a survey, which
included information about age, gender and places of birth for three generations.
Seventeen individuals were selected to provide as wide a geogenetic set as possible. All
samples and surveys were assigned matching reference numbers to ensure anonymity and
confidentiality. Sterile buccal swabs were collected from volunteers. To ensure sufficient
genomic DNA was retrieved, two buccal swabs were collected from each individual.

DNA Extraction and Assessment of DNA Quantity and Quality
Buccal swabs were collected from seventeen individuals and prepared for DNA
extraction by incubation at 56 degrees Celsius in 450uL extraction buffer (10mM TrisHCl pH 7.5, 10mM EDTA, 50mM NaCl, 2% SDS pH 7.5) and 20uL of proteinase-K
(15mg/mL) for 2-16 hours. The length of incubation was dependent upon the number of
samples and the convenience timing to extract the DNA. There was no indication that a
longer incubation time resulted in a higher or lower total genomic DNA yields. Following
the incubation, DNA was extracted using a phenol/chloroform/isoamyl alcohol (PCI
25:24:1) mixture to separate DNA from other cellular debris (Sambrook and Russell
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1989). Samples were then applied to a Microcon-100 filter (Millipore Corporation,
Bellerica, MA) to concentrate the extracted DNA and the samples resuspended in 50uLdeionized water. Next, 5uL from each sample was mixed with 2uL of 5X loading dye,
briefly vortexed, centrifuged and then electrophoresed in a 1% agarose gel containing 1%
ethidium bromide (45 minutes at 120V, 400mA). Genomic DNA concentration was
estimated by comparing the sample to known human molecular weight standards ranging
from 10ng to 400ng.

Long Range PCR Amplification of Full Mtgenome and PCR Validation
Standard microarray resequencing of the 16, 569bp mtgenome requires the separate
singleplex amplifications of 2 to 4 overlapping mtDNA fragments with primer sets
designed by Affymetrix (Affymetrix 2003). In this study we use four primer sets
(Table 2), two designed by Affymetrix and two designed and evaluated by Suhl (2008)
which amplify the mtgenome in four smaller fragments. Newly designed primers by Suhl
(2008) were used to create amplicon sizes that would be appropriate in a forensic setting.
A major concern of crime scene samples is the quantity and quality of DNA present at a
crime scene. Larger amplicons are more difficult to generate if the DNA is severely
degraded or of low quality. Smaller fragments are more likely to produce more efficient
PCR results. These newly designed primers were also designed to better amplify mtDNA
from non-European samples. The LA PCR Kit v2.1 (TaKaRa Bio Inc.) was used with
(proprietary reagents: 10X LA PCR Buffer (Mg2+), dNTP mixture and TaKaRa LA Taq)
a 7.5kb positive control a template (provided by Affymetrix, IQ-EX). The PCR was set
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up in a 50uL reaction containing 5ng/uL of template DNA and completed following the
manufacturer’s specifications. Fragments were amplified in a Biorad Mycycler
Thermocycler® under the following cycling conditions: Hot start at 94oC for 2 minutes,
30 cycles of 94oC for 15 seconds and 68oC for 1 minute/kB (primers 3A and 4A were
annealed at 70oC), 68oC for 5 minutes +1 minute/kB. To assess the generation of
amplicons, 4uL of PCR reaction were combined with 5X loading dye and visualized on a
1% TBE- agarose-ethidium bromide gel.
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Quantitation and Pooling of PCR Products
To achieve the maximum amount of sequence information from a single hybridization,
similar concentrations of PCR product should be applied to each custom resequencing
array. Each PCR sample was purified using a Microcon-100 filter unit to remove excess
dNTP’s and primers and eluted in 50uL of elution buffer. After purification, samples
were diluted 20-fold (5ul of sample into 195ul of elution buffer), mixed thoroughly and
briefly centrifuged before measuring the absorption spectrum at 260nm and 280nm on the
BioRad SmartSpec 3000 UV/VIS Spectrophotometer. Concentrations of each sample
were calculated (1 absorbance unit equals 50ug/uL for double-stranded PCR products)
and samples pooled (Table 3) and stored at -20oC.
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Fragmentation and Hybridization
Amplicons were fragmented using GeneChip Fragmentation Reagent and GeneChip10X
fragmentation buffer. Because this step is time and temperature sensitive all reagents
remained on ice at all times and delays between steps were avoided. The volume of
fragmentation reagent required to fragment DNA was calculated using the pooling form
provided by Affymetrix and added to each pooled sample accordingly. Fragment cycling
conditions were on a preheated thermal cycler at 37oC for 35 minutes, followed by 95oC
for 15 minutes (Affymetrix 2003). To fluorescently label the fragmented DNA with
streptavidin derivatives, a master mix of GeneChip DNA labeling reagent, terminal
deoxynucleotidyl transferase and 5X terminal deoxynucleotidyl transferase buffer was
added to each sample followed by labeling cycling conditions of: 37oC for 2 hours and
95oC for 15 minutes. Microarrays were equilibrated to room temperature prior to
hybridization. Hybridization reagents consisted of 5M tetramethylammonium chloride
solution (TMAC; Sigma), 50mg/mL acetylated bovine serum albumin solution (BSA;
Invitrogen), 1M herring sperm DNA (Promega), 1M Tris-HCl (Sigma) pH=7.8, 0.01%
tween (Pierce) and molecular biology grade water. Hybridization was performed
according to the GeneChip CustomSeq resequencing array protocol v2.1. The arrays were
stained and washed in a fluidics station (FS 450) and scanned with a GCS 3000, both
from Affymetrix.
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MitoChip Data Analysis
Cell intensity (CEL) files were generated using GeneChip operating software 1.4
(GCOS). Raw sequence data was obtained with the GeneChip sequence analysis software
4.1 (Affymetrix 2003).
Mtgenome Sequence Validation Using Sanger (dideoxy) Sequencing
Each sample (n=34) was sequenced via two separate methods: Affymetrix microarray
and Sanger sequencing. Of the thirty-four samples, 17 were previously sequenced by
Suhl (2008). The following text refers to the handling of the 17 remaining samples.
Sanger sequencing was employed to validate the base calls resulting from microarray
analysis and to determine the accuracy of the MitoChip. Sanger sequencing technology
on capillary sequencers has been validated for its accuracy and reproducibility in
sequencing fragments in excess of 750 base pairs and is considered the gold standard in
DNA sequencing. Each sample was amplified using a total of 58 primer pair developed
by Levin et al. 2003. Samples were then subjected to bidirectional sequencing to
determine the accuracy of each mitotype. There were instances where an attempt to
generate both a forward and reverse sequence was not successful. In these cases, the
successful reaction was performed in triplicate to verify the base calls. Each sample was
sequenced in triplicate in at least one direction. As an aside, current mitotyping
guidelines require mtDNA sequencing of a region to be performed twice, preferably once
for each strand in order to reduce ambiguities in sequence determination. Base calls were
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evaluated (using Chromas editing software) by at least two, different analysts. There were
no instances of disagreement of base calls between the analysts, with the exception of
homopolymeric stretches. For instance, poly cytosine (poly C) stretches in HV2
(commonly found between nucleotides 303-315) were nearly impossible to sequence
through. In 8 of the 17 samples, the sequence, generated by dideoxy sequencing, dropped
off a few bases into the poly C region, for both the forward and reverse direction. The
chromatogram in Figure 1b shows an example of an incomplete sequencing run due to
repeats of cytosine residues. In these cases, when the total number of C bases could not
be identified accurately, the base(s) in question were given a value of ‘U’ for
undetermined. (e.g. 16129U-16144U, indicates that the correct number of C’s could not
be identified between nucleotides 16129 to 16144) and were not accounted for in the
generation of the call rate. In the case of sequence ‘disagreements’ between the two
methods, the dideoxy-generated sequences were accurate and the MitoChip bases were
labeled as miscalls. Bases that were unable to be identified by the MitoChip were labeled
as N-calls automatically by the Affymetrix GSEQ software package.
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Results
Thirty-four complete mitochondrial genome sequences, representing two U.S.
populations (African American and European American), were generated by the
Affymetrix MitoChip and confirmed using the standard dideoxy method. The aim of this
experiment was to assess the accuracy of the base calls made by the Affy MitoChip
GSEQ sofware. Recall that in order to be deemed an efficient sequencing method for
forensic mitotyping, base calls must be accurate and reproducible. We have defined call
rate as the number of bases ‘accurately’ called divided by the total number of bases called
by the Affymetrix GSEQ software. The following regions were omitted from the call rate
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calculation due to high rates of homopolymeric stretches: 16184-16192 and 303-315. Call
rates, as compared to dideoxy sequencing base calls, were generated for the full
mtgenome and separately for the mtgenome minus the HV1 and HV2 regions (Table 4).
The data shows that base calls generated by the Affymetrix MitoChip GSEQ software are
generally in agreement with the base calls generated through standard dideoxy
sequencing. The lowest call rate for the complete mtgenome was assigned to CT 1952
(97.17%) and the highest call rate was assigned to sample CT 144 (99.35%). The highest
percent increase (0.55%) was observed in CT 1929, which represented an individual who
list he was born in New Jersey and his mother and grandmother were born in Nigeria,
Africa. Call rates for the U.S. European American dataset were marginally higher than
those in the U.S. African American dataset. The average call rate was 98.9% and 98.4%
for the U.S. European American and U.S. African American dataset, respectively (data
not shown). An increase in the call rate was observed for each sample when the D-loop
was removed from the calculation of the call rate.
To determine if the MitoChip offered better resolution of haplotypes we
compared the N-call rate of both sequencing platforms in several polymorphic regions.
We found that the highest number of N-calls was made within the d-loop for both
dideoxy sequencing using capillary electrophoresis and microarray resequencing.
However, one major difference between the two sequencing platforms is that the
microarray was able to continue sequencing upstream of these repeat regions where
dideoxy sequencing was not. For example, sample CT 1930 contained a poly c repeat at
position 16184. Neither the exact length of the cytosine repeat or the sequence
immediately upstream of this repeat were detected using dideoxy sequencing due to an
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apparent drop off of the sequence at position 16185. Microarray sequence data for CT1930 showed N-calls at positions 16184-16192 but continued to generate accurate base
calls for positions upstream of the poly C stretch. Our data also show greater sequencing
capabilities in microarray resequencing through areas of multiple SNPs in close
proximity to each other (data not shown).
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Descriptive statistics were calculated for the full mtgenome call rates in addition
to the call rates for the full genome minus the d-loop (Table 5). These data support the
information provided in Table 4 and demonstrate a relatively lower mean call rate for the
full genome when the d-loop is included. We further separated the data by self-identified
ethnicity to determine if the trends in call rate were different, which could indicate a
difference in sequencing ability or call rate accuracy by the GSEQ software. In this case,
the variance for both ethnicities showed similar trends in moving from the full genome to
that minus the D-Loop. Despite similar trends for both ethnicities, the data also reveal on
average, lower call rates and higher variance for both the full genome and the mtgenome
minus the d-loop for U.S. African Americans as compared to U.S. European Americans.
The variance in call rates for U.S. African Americans across both categories (full genome
& without the d-loop) appears to be more than twice that of their Caucasian counterparts.
This suggests more heterogeneity in call rates for African Americans compared to
European Americans. Generally, the standard deviations are less than 0.5 for either
sample set, but are considerably smaller for U.S. Europeans than U.S. African
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Americans. To assess whether the mean difference in call rates across categories
(NDLoop- FG) for U.S. African Americans (.34) was that much different from that of
U.S. European Americans (.26), we ran an independent samples t-test. Results indicated
no significant difference between ethnicities on the mean difference in call rates
(NDLoop- FG), p > .05.
To offer further insight into the variation of the mtgenomes of U.S. African
Americans we sought to investigate the relationship between polymorphisms in the
coding region of the mtgenome versus the D-loop. We predicted a direct correlation
between numbers of mutations in the control region and mutations in the coding region of
mtDNA. Our hypothesis is that if we observe multiple SNPs in the mtDNA control
region of the mtgenome, then there will be a corresponding number of SNPs in the
individual’s coding region. If true, mtDNA coding region variation may resolve
individuals with similar HV1 haplotypes, thereby enhancing the power of discrimination
of the mtgenome.
Notwithstanding an evolutionary rate of ~4-fold lower than the non-coding
region, the larger coding region (~15 fold larger) should contain a greater number of
polymorphic markers than the control region (Coble et al. 2004). The data in Figure 1
support our hypothesis that the number of polymorphisms in the control region and the
coding region are positively correlated. As the number of SNPs in the control region
increases we observe an increase in the number of SNPs in the coding region. The
correlational coefficient of determination, R2, was calculated to measure the proportion of
the variance (fluctuation) of one variable (y) that is predictable from the other variable (x)
and represents the percent of the data that is the closest to the line of best fit. Our R2 value
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of 0.51 means that 51% of the total variation in the coding region (y) can be explained by
the linear relationship between the control region SNPs and the coding region SNPs and
that the remaining 49% of variation we observe is unexplained and may have alternative
influences. An increase in the sample size may drastically increase the correlational
coefficient of determination as well as generate a more streamlined scatter plot, thereby
resulting in a more accurate, statistical explanation of the coding region variance
observed.
The degree of scatter surrounding the line of best fit is noticeably greater in the
U.S. African American dataset, which may reflect the heightened diversity in the
mtgenome of African Americans. Referring back to the geogenetic data of each sample,
the data points that lie the farthest from the line represent individuals who self-identified
as U.S. African American but listed birth place origins for themselves or their mother or
their maternal grandmother as outside of the United States. Ten of our 22 samples
(~46%) from the U.S. African American dataset listed international places of birth for
their maternal lineage. The individual whose sample corresponds to data point (CT 1-22,
85) listed the place of birth of his mother as Jamaica. One individual, CT 1999, suspected
her biological parents were from outside of the U.S. but could not be certain as she was
adopted as an infant and has no record of her birth parents. She entered no response to the
place of birth of her relatives. Another interesting finding is the similarities in the place of
birth of individuals, and their maternal relatives, that represent data points (14, 52) and
(14, 60). Both individuals whose data points correspond to these values listed their place
of birth in New England (Connecticut and New Jersey, respectively) and the mother’s
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place of birth in New York. Surprisingly, the individuals listed their maternal
grandmother’s places of birth to be in the southern United States.
Each sample contains at least twice the number of polymorphisms in the coding
region than the HV1 and HV2 region combined (Table 6). We note the highest ratio of
coding region polymorphisms to D-loop polymorphisms (7: 1) occurs in both the African
American and European American dataset. To the last point, we find it interesting that
even though the number of polymorphisms is higher in the African American dataset the
ratio of polymorphisms seem to be extremely similar. The data in Figure 2 also shows a
tendency toward relatively distinct clusters, each belonging to a specific, self-identified
ethnic group. We do note outliers (data points 6, 27 and 8,32) in the African American
dataset that appear to extend into the cluster of data points stemming from European
American samples. These samples did not contain sequences associated with European
haplotypes, but rather contain a smaller number of polymorphisms in the D-loop than
other individuals in the African American population. The observation that the two
clusters are not mutually exclusive may be explained by the small sample size or the
variation in the number of mtgenome polymorphisms in a given population.

	
  

94	
  

	
  

95	
  

	
  

96	
  

Discussion
Data demonstrate that coding regions of DNA sequences are under higher
evolutionary pressure than most non-coding regions and are more highly conserved.
Previously scientists believed that the DNA sequences in the coding region of mtDNA
are highly conserved in healthy individuals (Johns 1995; Lutz-Bonengel et al. 2003).
With this reasoning one would surmise that polymorphisms in the mtgenome coding
region are both rare and uninformative. This is not the case.
Our data reveal an increase in the call rate of the MitoChip when the hypervariable
regions are omitted. One explanation for this is due to regions that are typically difficult
to amplify, such as polynucleotide tracts or regions of tandemly repeated nucleotides, of
which are present in high numbers in the d-loop. This phenomenon is observed in all
forms of DNA sequencing and amplification ranging from standard Sanger sequencing to
more recent pyrosequencing technologies. In many instances, researchers have observed
length heteroplasmy resulting from polynucleotide tracts, which confounded the problem
when trying to match a profile to a suspect. Though these homopolymeric stretches were
problematic, the MitoChip was more efficient at resolving DNA sequences in these
regions. Initially, our goal was to identify two or more U.S. African Americans that
shared an HV1-mtDNA signature and then resolve those individuals via mtDNA variants
in the coding region. However, there were no two identical HV1 sequences in our dataset,
therefore we were unable to test this hypothesis which further convinced us of the
heightened variation in the mtgenome of U.S. African Americans. A second explanation
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to a decrease in sequencing efficiency in hypervariable regions is the lack of haplotypes
that are accounted for in the Affymetrix tiling array. Microarray systems are designed
based on accessible population data and are extremely dependent on the diversity of the
data therein. Greater diversity of polymorphic sites in both public and forensic databases
will result in more haplotypes being accounted for in tiling arrays. The lack of data
reflecting relevant populations will continue to be the limiting factor for the efficiency of
sequencing efforts in general. We propose two resolutions to this problem. One possible
way to rectify the issue of incomplete sequencing is to omit regions of polynucleotide
tracts or repeats from the genetic analysis of a profile in totality. Avoiding regions that
contain known polynucleotide tracts will ultimately lead to a more efficient method of
sequencing technologies, which is paramount to the field of forensic biology. Current
forensic mtDNA typing standards include region of polynucleotide tracts in their
generation of the rarity of an mtDNA profile. An additional alternative to increasing
resequencing efficiency, which we also submit is an overall necessity, is to increase the
number of samples from traditionally underrepresented groups.
The higher standard deviation in the descriptive statistics of the call rate variation
indicates an increased variability in call rate of the full genome versus the genome minus
the d-loop. That is, the variance decreased when the d-loop region was excluded,
suggesting more homogeneity in call rates when this region is omitted. Greater variability
indicates less stability (more fluctuation) in measurement accuracy for U.S. African
American samples compared to U.S European American samples regardless of whether
the d-loop is excluded. We would be remiss not to mention the small N (n=34) of our
population data. An increase in sample size and diversity would most certainly provide a
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more statistically significant finding. We must also note that reproducibility was not
addressed in this research goal as each sample was resequenced only one time due to cost
of reagents and time. However, we are confident that technical replicates would reveal
similar, if not precise, call rates and degrees of variation.
For the most part, our findings were anticipated based on mtDNA evolutionary
studies that have demonstrated the oldest modern humans (Homo sapiens) originated
within Africa and that subsequent African populations radiated out of Africa to populate
the rest of the world (Watson et al. 1997; Cann, R., Mark Stoneking and Cann 1987;
Barbujani and Goldstein 2004; Tishkoff et al. 2000). As the tiling arrays are based on the
revised Cambridge reference sequence (an European male) we would expect to find more
similarities between the U.S. European American samples than any other ethnic group.
Generally speaking, we would expect to see a greater number of mutations in persons of
more recent African descent than populations with a more recent estimation of origin,
such as people of European decent. This is better known as the Out of Africa hypothesis
or the Recent African Origin model (Jobling, M.A., Tyler-Smith 2004). Wallace et al.
through analysis of worldwide populations aver “the proto-human mtDNA was the
progenitor of macro-haplogroup L, making Africa the origin of our species” (Wallace,
D.C., E. Ruiz-Pesini 2003). It is important to note that non-African populations exhibit
less mtDNA diversity than Africans, but do possess a portion of the mtgenome diversity
prevalent among Africans (Tishkoff et al. 2000; Barbujani and Goldstein 2004; Kidd et
al. 1998; Pääbo 2003; Long 2003).
There have been comparable studies on d-loop mutations of European and
African populations that demonstrate similar findings. When combining HV1 and HV2
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regions for Europeans, data show, on average, differences at eight nucleotide positions
and while at least15 nucleotide positions are observed for persons of African decent
(Budowle et al. 1999). There have been no studies like ours on the relationship between
the numbers of polymorphisms in the coding region as compared to the control region.
The premise to avoid mtgenome variants due to possible associations to medically
significant phenotypes is not scientifically supported in our findings. An extensive review
of the mtDNA variants exposed through full mtgenome resequencing did not reveal any
SNPs with associations to medical phenotypes in current literature. Many of the
population specific SNPs (to be discussed in more detail in Chapter 4), though located in
the coding region, have not been reported as being involved in the disruption of cellular
respiration-associated processes (i.e. oxidative phosphorylation or the citric acid cycle) or
result in changes to tRNA or rRNA structure or function. The inclination of forensic
geneticists to ignore potentially informative variation in the mtgenome appears to be
more of a hindrance to excluding suspects than it is a benefit of individual privacy. DNA
typing strategies should seek maximally effective approaches for targeting additional
information in mtgenome. Restricting the analysis of mitochondrial DNA to the control
regions, more specifically HV1 and HV2, does not allow forensic researchers to
maximize the discriminatory power of the mtgenome. We have demonstrated that the
high level of genetic variation in the D-loop of the mtgenome extends to the coding
region and for this reason should be strongly considered in cases where the quantity
and/or quality of DNA is not suitable for standard STR typing.
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Chapter 4: Haplogroups as a Tool for Forensic Investigation
Evolution of Haplogroup Analysis
MtDNA hypervariable region-based haplogroups have recently garnered more
interest in medical genetics, anthropology, and population genetics, though the rationale
for each field is unique. In contrast, the field of forensic biology has not yet embraced the
use of haplogroup classifications to serve as an investigative lead in cold cases or as an
exclusionary tool in the consideration of suspects. While a sizeable body of peerreviewed scientific literature on the association of mitochondrial DNA and ethnicity is
available, there have been only a few instances in which mtDNA-based haplogroup
classifications have aided police in solving criminal investigations. Mourad Topalian, an
Armenian nationalist, was convicted in 1996 of conspiracy acts and possession and
storage of weapons and explosives after ‘ancient’ mtDNA analysis linked him to hair
fragments found on an abandoned storage locker in the 1970’s (Walton, 2006). Four
African American men previously convicted of the rape and murder of Lori Roscetti, a
Chicago medical student, were exonerated in 2001 after mtDNA analysis from previously
undetected semen stains, reported to have stemmed from someone of African descent,
eliminated all four men (Melton, 2004). The crux of the prosecution’s case in 1988 was
the evidence of three “Negroid” head hairs that were found on the raincoat of the
deceased.
Molecular evolutionary studies of human mitochondrial genomes confirm other
genetic and non-genetic studies that the root of modern human origin occurs in Africa.
These comprehensive studies have been carried out by analyzing single nucleotide
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polymorphisms in mtDNA determined by RFLP analysis and sequences of the HVI
region. It is generally accepted that mtDNA is geographically structured and may be
classified into groups of related haplotypes. These haplotypes formed as people moved
across the globe and accumulated genetic signatures specific to their geography. For the
purpose of this study we define a haplotype as a combination of alleles or genes that are
located on the same mtgenome and are therefore inherited as a group. A haplogroup is a
genetic signature comprised of a group of similar haplotypes that share a common
ancestor (Figure 1). Only two major haplogroups (M and N) and their derivatives
persisted in non-Africans after the migration of modern humans out of Africa.
Macrohaplogroup L is geographically limited to sub-Saharan Africa and has been
divided into 4 major haplogroups (L0, L1, L2, L3). The phylogeny of macrohaplogroup L
is largely based on D-loop sequence and RFLP analysis and is, therefore, not well
resolved (Gonder, Mortensen, Reed, Sousa, & Tishkoff, 2007). Ideally, a person with
European maternal ancestry would be classified into one of several ‘Caucasoid’
haplogroups while a person of African descent would be classified into one of these
several ‘African’ haplogroups. In instances when associations are not concordant with
self-identified ethnicity we anticipated a biological root cause in which an odd sequence
is responsible for the disconcordance. The goal of this study was to develop and evaluate
a panel of mtDNA coding region SNPs aimed at refining haplogroup assignment when
mtDNA HV1 SNP analysis results in disconcordant haplogroup association. We
hypothesized that if mtDNA HV1 SNP analysis results in atypical haplogroup
association, then coding region SNPs will provide a more accurate reflection of deep
maternal ancestry and will refine haplogroup assignment.
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There are two outcomes to the assignment of haplogroups: a correct assignment
(where the haplogroup is a direct reflection of deep ancestry) or an incorrect assignment
(where the haplogroup is convergent due to an odd sequence or nucleotide motif).
Previous data show that genetic admixture and/or back mutations might be the cause of
ambiguous or atypical haplogroups assignments in several populations, though to-date,
few data on atypical haplogroup assignments in reference to self-identified U.S. African
Americans has been reported (Li et al., 2010; Shah et al., 2011). In a study on U.S.
Latino/Hispanic populations, Allard et al. (2006) found that the largest component of
admixture based on mtDNA analysis derives from the four major haplogroups previously
observed in Native American ancestry, including A (29.3%), B (15.7%), C (20.6%), and
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D (4.8%). European (17.8%) and African (11.8%) haplogroups also were observed
within this data set. Allard et al. also noted that Hispanic Scientific Working Group for
DNA Analysis Methods (SWGDAM) samples from the southwest, compared with other
SWGDAM Hispanic samples, were observed to have a greater percent of Native
American haplogroups present (79.9%), and fewer African American haplogroups (4.5%)
(Allard, Polanskey, Wilson, Monson, & Budowle, 2006).
The mtDNA coding region can often provide a more accurate reflection of deep
ancestry in cases where mtDNA HV1 analysis cannot provide unambiguous haplogroup
assignments (assignments that are concordant and/or assignments made to a single
haplogroup). Although most current DNA typing methods use non-coding regions to
generate haplogroups, classical methods assigned haplogroups based on stable
polymorphic sites in the coding region of mtDNA. The coding region of the mtgenome
mutates less frequently, therefore the polymorphisms present can represent a more
accurate reflection of deep ancestry and maternal lineage.
Studies have identified coding region SNPs that provide maximal discrimination
among individuals that share HV1 haplotypes (Goncalves et al., 2011; Imes, Wictum,
Allard, & Sacks, 2012). In an effort to take advantage of classification techniques used
successfully in the fields of medicine, anthropology and population genetics, forensic
scientists should re-consider embracing the use of haplotypes and haplogroups as tools to
exclude suspects. We demonstrated, in Chapter 2, remarkable variation within the
mtDNA HVI region of self-identified U.S. African Americans. The analysis of the
mtDNA HVI region of 185 samples, using a standard forensic approach, resulted in 185
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unique haplotypes. Such variation has not been previously reported for this population. In
this chapter we aimed to evaluate the haplogroup assignments of all 185 haplotypes to
determine the feasibility of using haplogroups associations in a forensic setting.
Materials & Methods
Anonymous Subject Selection:
Subjects were recruited as outlined in the materials and methods section of Chapter 2 as a
part of protocol’s: H03-198, “DNA Research in Support of Crime Lab Involvement” and
H11-149, “Analysis of the Power of Discrimination of Mitochondrial DNA in African
Americans.” Samples described in Chapter 2 were used in this study using the same
numbering system and nomenclature. Demographic information for each can be found in
the supplementary materials.
Data Analysis:
Following mtDNA forensic guidelines, samples were deemed “different” if there was at
least one nucleotide difference between the samples. Sequences that did not yield a
minimum of 375 bases (of the 500 base pair HV1 region) were excluded from analyses.

	
  

113	
  

SNP Designations:
All single nucleotide polymorphisms, insertions and deletions are based on comparisons
to the revised Cambridge Reference Sequence (rCRS) using NCBI’s Basic Local
Alignment Search Tool (BLAST). rRCRS BLAST ID: NC_012920.	
  
Haplotype Definition & Generation
For this study, a haplotype is defined as a list of polymorphisms, to include insertions,
deletions and single nucleotide polymorphisms in the mtgenome, specifically between
nucleotides 15979 – 16365, which corresponds to the HVI region of the mtgenome. SNPs
for each sample were compiled, recorded and organized using Microsoft Excel.
Haplogroup assignments:
The purpose of the HaploSNPolater was two-fold: automation of haplotypes as well as
the automated assignment of haplogroups. Using the HaploSNPolater in conjunction with
BLAST allows for built in redundancy of haplotype generation. Haplogroups were
assigned using novel software (HaploSNPolater) developed in collaboration with Dr.
Craig Nelson, Dr. Joshua Suhl and Brian Brennan at the University of Connecticut, Storrs
using a support vector machine (SVM) algorithm. The basic SVM uses a set of input data
to predict proper grouping of a sample. SVM learning models analyze data and recognize
patterns used for classification and regression analysis (Wong, Li, Lee, & Huang, 2010) .
There were 8,402 samples extracted from both forensic and published tables in the
mtDNA population database used in the SVM analysis (Budowle, Dizinno, Miller,
Monson, & Mark, 2002). Only samples that were listed as Caucasian, African, Hispanic
or Asian were considered (Table 1).
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Definitions
Challenging samples are defined as samples that were assigned to ambiguous
haplogroups of which there are twenty-four in this study.
Atypical haplogroups are defined as all haplogroups with the exception of the four
major “African haplogroups”: L0, L1, L2, and L3 and are the result of disconcordant
haplogroup associations. The assumption is that self-identified U.S. African Americans
will be assigned to one of the typical “African Haplogroups”. (E.g. Sample 2002 was
assigned to haplogroup R. Sample 2013 is considered a challenging sample due to
atypical haplogroup assignment). There are 12 atypical haplogroups in this study (a total
of 16 major haplogroups were observed, 4 belonging to the African haplogroups, the
remaining 12 being atypical).
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Results

Haplogroup assignments were generated for 185 individuals self-identifying as
U.S. African American using the HaploSNPolater web tool as described above. Figure 2
shows a compilation of the haplogroup assignments. Individual sample assignments can
be found in the supplementary materials. There were a total of 16 major haplogroups into
which 185 samples were classified. The haplogroups ranged from those of sub-Saharan
origin, L0, L1, L2 to L3, to those of East Asian and Europe derivation (Figure 3). The
majority (90%) of the haplogroup associations were concordant with self-identified
ethnicity, meaning that individuals who self-identified as U. S. African American were
classified into one of the four haplogroups (L0, L1, L2, L3) that traditionally represent
individuals with a ‘recent’ African maternal origin. The most frequent haplogroup was
L1, to which approximately 50% of the samples were assigned. Approximately 10% of
the samples were assigned to atypical haplogroups, that is, haplogroups that do not
represent a recent African maternal lineage.

We investigated the relationship between deep ancestry and haplogroup
association in order to resolve the cause of atypical haplogroup assignment. Essentially,
we wanted to determine if the atypical haplogroup assignment was the result of biology,
in which an odd sequence or nucleotide motif resulted in a convergent haplogroup or a
result of the bioinformatics tools used to assign the haplogroup. Twenty-four samples
from the 185 self-identified U.S. African American data set were assigned to atypical
haplogroups (Table 2) and were further typed using a diagnostic 7-SNP panel of mtDNA
coding region variants that have been documented to vary within populations (Table 3).
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A battery of biallelic mtDNA coding region SNPs was compiled from an extensive
literature review (Behar et al., 2012; Bilal et al., 2008; Brandstätter, Parsons, & Parson,
2003; Ennafaa et al., 2009; Hartmann et al., 2008; Kong et al., 2006; Lind et al., 2007;
Logan, 2007; Vivez-Bauza et al., 2002; Yang et al., 2011; van Oven, 2010). SNPs
selected for our panel met the following conditions: refined one of the 16 major
haplogroups in our study that was assigned using the HaploSNPolater; varied between
populations of self-identified ethnicity; able to be resequenced using Affymetrix
MitoChip and confirmed using standard dideoxy sequencing methodologies. Before the 7
mtDNA variants were selected, each SNP position listed in Table 3 was examined in
samples that were previously resequenced using the Affymetrix MitoChip. The genotype
of samples in the U.S. European American data set was: 3594C, 4580G, 7028A, 10400C,
12705C, 14766C. The genotype of samples in the U.S. African American data set was:
3594T, 4580A, 7028T, 10400C, 12705T, 14766G. There was one exception to the U.S.
African American genotype: CT 1. This individual contained a T transition at position
10400, which was a C in all other samples analyzed. Recall from Chapter 3 that CT 1
contained the highest number of polymorphisms in both the d-loop and the coding region.

Regarding the atypical haplogroup assignments, 17 individuals (71%) had
sequences belonging to European haplogroups (H, HV, R, X, B, K, I) and 7 individuals
(29%) has sequences belonging to Asian haplogroups (A, M, B, C). To test our
hypothesis of a biological cause of atypical haplogroup assignment we designed a panel
of diagnostic mtgenome coding region SNPs to refine haplogroup assignments when
HV1 typing did not provide clear results (Figure 4).
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Discussion
The results of our genetic characterization of these relevant data are consistent
with previously published reports of African and African American mtDNA variation
(Stefflova et al., 2011). The sequence diversity, and hence, the haplogroup diversity,
observed in these data makes them valuable tools for forensic applications. Furthermore
more, we support the use of haplogroup classifications to exclude suspects or for use as
an investigative lead.
An ongoing source of controversy in mtDNA research is based on the detection of
numerous errors in mtDNA profiles that have led to erroneous conclusions on the utility
of DNA and many false disease associations. The forensic community can avoid these
controversies if haplogroup classifications are taken into consideration. The value of
assigning a haplogroup and predicting ethnicity based on haplogroup classification is
controversial and not well characterized. One major pitfall for use of haplogroup
classifications in forensics is the lack of clearly defined rules and guidelines. Various
computer algorithms, software and methods of analysis used by researchers to assign
haplogroups may result in inconsistent and subjective measures of accuracy, as observed
in the analysis of fingerprints. Such problems can be avoided through the development of
a consistent classification system with explicit nomenclature for human haplogroup
definitions and conservative associations. Before the forensic community can approve a
DNA typing or classification technique, extensive research on its accuracy, reliability and
discriminatory power must be validated. In addition to these validation studies, this
method would certainly need to work consistently and successfully on typical forensic
crime scene samples exhibiting low starting template DNA and/or poor DNA quality.
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Almost as important as the aforementioned requirements is the necessity to generate data
for relevant populations, including groups that are traditionally underrepresented in the
literature.
A second limitation to approach is the lack of a 1:1 correlation between ethnicity
and haplogroup assignment. Essentially, we are using genotypic information to infer
phenotypic traits, which, as in the case of the mtgenome, has not been empirically
supported or confirmed. In the instance where an African-associated haplogroup is
assigned to a sample from a cold case this information is not extremely helpful for the
inclusion of individuals. However, when suspects are known, haplogroup assignment
may offer the appropriate avenue for the exclusion of suspects. Combining mtDNA
testing with other analyses, namely ancestry informative markers (AIMs), may facilitate
ethnicity inference. Ancestry informative markers have been used in genealogical
association studies to further define critical candidate regions in large population sets as
well as in distinguishing continental populations (Kosoy et al., 2009). DNAPrint
Genomics, a company that offers DNA testing services, took advantage of the research
on AIMs and created a presumptive DNA test for inferring bio-geographical ancestry.
There are several cases in which investigators submitted DNA samples from cold cases to
DNAPrint Genomics in an effort to identify suspects and were successful. On November
24, 2002 Trineisha Colomb’s body was found badly beaten in a field in Scott, LA. A
multi-agency homicide task force spent a year looking for a Caucasian male who had
been implicated by eyewitnesses. After 700 exclusions, investigators turned to DNAPrint
Genomics to assist them in determining the ethnicity of the murderer. DNAPrint
Genomics results revealed that the unknown offender’s DNA corresponded to an
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individual of 85% sub-Saharan African and 15% Native American bio-geographical
ancestry. The task force refocused their investigation and eventually identified Derrick
Lee Todd as the contributor of the sample. Further investigation linked Todd to over 5
additional murders in Louisiana resulting in his conviction and imprisonment. MtDNA’s
high diversity (the likelihood that two persons selected at random will be different) and
low heterogeneity (signatures of the same type rarely occur in populations) yield it an
informative forensic marker. In many cases, at least 99% of the population will be
excluded as contributors and the pool of random individuals who could have contributed
the same is less than 1%. Another advantage of mtDNA typing is in the instance of a ‘no
body homicide’. Because mtDNA is maternally inherited, any maternal relative may
donate the mtDNA reference sample to compare to suspected crime scene victim tissues.
The utility of the mtgenome should not be discounted, as mtDNA typing is a reliable
forensic tool.
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Chapter 5: Forensic Mitotyping Revisited
Summary of Research Findings
The research described herein lays the groundwork for an increased use of
mtDNA analysis for its probative value, more specifically, to be used as an investigative
lead by providing new avenues for the consideration of weak or alternative suspects. This
body of work aspires to counter the current state of knowledge and preconception of
mitochondrial DNA typing and its associated limited utility for forensic purposes by
demonstrating previously unreported variation of U.S. African American mtgenomes.
The mtDNA variation presented in our data of a forensically relevant population of U.S.
African Americans suggests that HV1 typing will often be sufficient for the exclusion of
U.S. African American samples and that the power of discrimination of mtDNA HVIbased analysis is lower in U.S. European Americans than in U.S. African Americans, thus
power of discrimination varies based on maternal lineage. Our data also suggest that
haplogroups may be concordant with self-identified ethnicity and that in cases where
HVI-based haplogroups are ambiguous evaluating point mutations in the coding region
will reflect a more accurate depiction of deep ancestry. The coding region SNPs (mtDNA
variants) described in this study yield powerful genetic markers for inferring the ethnicity
of individuals. We believe these data have implications in forensic investigations beyond
that of excluding suspects but also in the use of investigative leads. Based on the
variation presented in this text, mtDNA haplogroup analysis may be useful in predicting
the ethnicity of a suspect in cases where the leads or eyewitnesses are faulty. Such
information does not need to be presented in court, as only detectives will utilize it to
narrow the focus of their investigation. A position on the definition of ethnicity must also
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be addressed. Generally, quantitative differences in specific genetic variants have been
ascribed to ethnic groups for decades. These differences in genetic signatures might
suggest that ethnicity should play a major role in medical, anthropological, evolutionary
and forensic research. Terms such as ‘race-based medicine’ have permeated the medical
community and seemingly leaked into germane public conversations as well (Maglo,
2012; Xie, Kim, Wood, & Stein, 2001). The idea that a genotype or haplotype can
perfectly and accurately determine ethnicity is not supported genetically or statistically,
in any form. At most, predictions and inference of ethnicity should serve as makeshift
solutions for investigative leads because ethnicity prediction is too approximate. There
are no defined, standardized procedures for ethnicity prediction, although it is understood
that differences may and do occur within defined lineages. The difficulty lies in the
approaches by which these lineage-based categories or ethnicities are defined. As an
example, let us consider the term Caucasian (note the term European was used in this
study). Caucasian literally refers to persons native to the Caucasus region but has become
interchangeable with any number of European or ‘White’ populations. Considering this
ambiguity and the lack of coordination between ethnicity-defining efforts, we submit that
a more comprehensive SNP and haplotype analysis will lead to a better understanding of
potentially discriminating and informative variation throughout the coding region of
mitochondrial DNA. Furthermore, we support the use of self-identifying ancestry, which
has been demonstrated to serve as a good proxy of underlying autosomal genetic
diversity for Europeans, African and Asian Americans (Lao et al., 2010).
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Colonial Systems and Genetic Ancestry
Characterizing patterns of genetic variation within and among human populations
is important for understanding human evolutionary history, for the careful design of
medical genetic studies, as well as developing forensic techniques that will assume the
highest possible discriminatory power. Such variation has been studied for decades and
has illuminated patterns of diversity in previously under studied populations to include
persons of recent African maternal ancestry and persons hailing from Latin America,
South Asia and Southern Europe. These studies demonstrate that both demographic
history and recent ancestry events plan an important role in patterning variation in large
modern human populations. The analysis of genotype data has expanded our
understanding of the role of natural selection has played in the recent evolution of our
species, the extent of structural variation and the nature and causes of mutation rate
variation within and among human genomes (Altshuler et al., 2010; Bryc et al., 2010).
Some of the most important insights have come from global diversity studies such as the
HapMap project in which fine-scale patterns of genotype and haplotype variation across
more than 3.1 million single nucleotide polymorphisms genotyped in over 200
individuals from three major continental populations was catalogued (International &
Consortium Hapmap, 2007). Likewise, the analysis of samples collected by the Human
Genome Diversity Project (HGDP) has refined patterns of diversity across nearly 1
million single nucleotide polymorphisms in nearly 1,000 individuals from 51 populations
(Hellenthal, Auton, & Falush, 2008). Most studies report a notable, progressive decrease
in genetic variation with land distance from East Africa providing support for a serial
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dilution model in which diversity was lost in sequential bottlenecks associated with
smaller founder population sizes as new territories were colonized.
It is important to note that non-African (outside of the African continent)
populations exhibit less mtgenome diversity than Africans, but do possess a portion of the
mtgenome diversity prevalent among Africans. Based on the Out-of-Africa theory of the
evolution of modern humans, we know there is more genetic diversity among Africans
than among people from any other continent because humanity has resided in Africa
longer than anywhere else. Genotype and phenotype variations found in Asia and Europe
are largely subsets of African genomic and phenotypic diversity. Detailed genetic
analysis of African and U.S. African American populations reveal a marked difference in
mtDNA signatures due to admixture. A closer examination of ancestry estimates
reinforce the relationship between the colonial systems of Africa and the present-day
genomic ancestry in the U.S. These results in addition to the diversity observed in U.S.
African American mtgenomes suggest that the distribution and identity of African
ancestral contributions to groups of African decent in the Americas correspond to
colonial histories and slave trade routes.
The history of African American dates back to 1619 when the first Africans
arrived at the British colonies in Jamestown, VA, though the presence of African slaves
has been reported as early as 1526 in Spanish voyages to Florida, Georgia, South
Carolina and New Mexico. The importation of slaves reached significant rates in the 18th
century as the demand for workers to cultivate tobacco, rice and indigo grew
exponentially (Piersen, 1996). While it is seemingly difficult to determine the precise
ethnic origins of the African slaves, information from shipping lists has provided an
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approximate picture of their geographic provenance. The slave trade affected a very wide
area of western and west central Africa, mainly the coastline between present-day
Senegal and Angola. The history of African Americans in the U.S. is marked by forced
migration from Africa as well as admixture with other ethnic groups, namely Europeans.
The colonization history of the U.S. resulted in a sampling of the human population made
up largely of people from western Europe, western Africa and southeast Asia and the
Americas; this sampling has resulted in unique U.S. gene frequencies.
Our research on the mtDNA signatures of self-identified African Americans
provides a unique view on the maternal ancestry of this population. We found that our
results on deep ancestry are concordant largely with the early colonial patterns of
admixture where European males and African females, albeit forcibly, procreated. If the
admixture contributions stemmed from a European female and an African male the
lineages observed would not map back to Africa but rather a European population due to
the method of mtgenome inheritance. These assumptions are widely supported in the
literature and are consistent with both WLS admixture estimation and the gene identity
method first discussed in Chakraborty et al. 1975 (Chakraborty, 1975; Long, 1991).
Mendizabal et al. (2008) report the persistence of a substantially high African
component in the maternal specific gene pool and a substantially high European
component in paternal specific gene pool of samples of African Americans (Mendizabal
et al., 2008). An examination of mtDNA and Y-chromosome-specific markers in African
Americans in South Carolina yielded additional information in terns of the dynamics of
gene flow and the potential of sex bias in admixture contributions (Parra et al., 2001).
Parra et al. (2001) evaluated the YAP element to characterize the male European
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contribution and mtDNA European-specific haplogroups to characterize the European
female component of the African American samples. Their data indicate that while the
European female element was very low the European male element was extremely high.
Previous studies have also indicated that northern U.S. populations show a higher level of
European ancestry than do southern U.S. populations. One explanation for the lower
African genetic component in northern U.S. African Americans is the demographic
history of African American populations after World War I. In this period, there were
significant changes in the distribution of African Americans in the U.S. as approximately
90% of the African Americans left the rural south in search of new opportunities in the
urban areas of the North. This relocation, called the Great Migration, resulted in massive
demographic shifts across the United States between 1910 and 1930 (Wilkerson, 1994).
Consistent results have been reported for Latino populations as well.
A major concern in admixture estimations is the effect of the particular ancestral
population chosen. In many cases, the true ancestral population is no longer available for
sampling, thus using a proxy may introduce bias when evaluating an admixed population.
Most admixture studies in African Americans have used a single ancestral African
population (Yoruba), which we now know, represents only a fraction of diversity found
on the African continent. More recent analyses have deduced that the ancestry of the
West African component of African Americans is most similar to the profiles from nonBantu Niger-Kordofanian-speaking populations to include the Igbo, Brong and Yoruba.
This is completely in line with historical documents showing that the Igbo and Yoruba
are 2 of the 10 most frequent ethnicities in salve trade records, although it is important to
note that other populations in Africa have not been sampled (Sierra Leone, Senegal,
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Guinea Bissau, and Angola) and may also serve as good proxies for the ancestral
population of some African Americans.
As observed in Chapter 4, self-identified ethnicity and haplotype are not always
concordant. Auton et al. (2009) reported on their population of 365 self-identified
African Americans, 203 West Africans and 400 Europeans, that some individuals who
self-identify as African American show almost no West African ancestry and others show
almost complete African ancestry. Bryc et al. reasoned that individuals with very low
West African ancestry may be expected by chance after several generations of admixture
and that these individuals are most likely descendants of European ancestry or recent
African immigrants, respectively (Auton et al., 2009) . The data presented in this body of
work supports the idea that the range of genetic ancestry captured under the umbrella of
the term African American is extremely diverse and urges that while useful as an
investigative lead in forensics, should be used with caution in ethnicity-driven medical
treatment.
Challenges to Forensic Mitotyping: Technical and Conceptual
The difficulties of mtDNA typing arise in both technical and conceptual
applications. Technically, mtDNA sequencing is more labor-intensive, more time
consuming and has also become a more specialized field with fewer crime labs with
mtDNA accommodations. While 4 laboratories across the United States were originally
sanctioned to provide mitotyping services, the F.B.I. Laboratory has partnered with only
two regional crime laboratories (Arizona Department of Public Safety and the Minnesota
Bureau of Criminal Apprehension Laboratory) to augment the nation’s capacity to
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perform mtDNA analysis in forensic and missing person cases (FBI, 2012). This paucity
of national public mitochondrial DNA typing labs does not render mtDNA typing
impossible. Some individual crime labs retain validation in mtDNA protocols internally
and are capable of HV1 mtDNA typing with existing instrumentation. There are also
several highly reputable private labs that can be contracted for mitotyping services,
namely Mitotyping Technologies, LLC directed by Dr. Terry Melton and recently (June
2012) acquired by AlBioTechnologies.
The small size of mtDNA databases as well as the small region that is analyzed
(HV1) leads to a larger conceptual issue. Understanding that mitochondrial DNA is not
unique and that mtDNA haplotypes are shared amongst maternal relatives is crucial.
However, the ability to use mtDNA as exclusionary evidence is notable. While nonuniqueness in immediate maternal lineages is a limitation of mtDNA analysis, there are
thousands of different mtDNA signatures, and the relative population frequency of any
type is low.
Another concern with the limitations of mitotyping is the ability of mtDNA to
distinguish between individuals when there is more than one contributor to an evidentiary
sample. Mixtures are extremely common in forensic samples and must be resolved with
accuracy and efficiency, making the interpretation of a DNA profile more complex.
Andreasson et al. 2006 successfully resolved a mixture from genuine forensic samples,
with one or more sites displaying mixtures in sequence analysis, targeting mtDNA
markers using pyrosequencing technology (Andreasson, H., Budowle, Frisk, & Allen,
2006) . A more recent case, demonstrated by Egeland et al. (2011), provided the
statistical framework for mtDNA interpretation of mixtures, was. In their study, mtDNA
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profiles from a cigarette butt (which was believed to have been shared by the victim and
the murder according to the crime scene scenario) were generated successfully and
resulted in linking the suspect to the crime scene, the victim and the cigarette butt
(Egeland & Salas, 2011).
With this knowledge, we challenge the preconception of limited mtDNA utility
and suggest the three following considerations for mtDNA analysis in forensic typing:
First, that the discriminatory power of mtDNA analysis, and its predicted usefulness in
exclusion/inclusion findings, will vary based on considerations of possible maternal
lineage. Second, that in cases of weak or alternative suspects, mtDNA HV1 SNP analysis
may provide new avenues for consideration and offer investigative leads (inferring
phenotypic characteristics from an unknown evidentiary sample). Third, that an increase
in mtDNA HV1 (as well as whole genome) population data will aid to increase the
statistical aspects of the power of discrimination for mtDNA typing.

Compromised Samples
Human mtDNA is routinely analyzed in various disciplines, such as medical
genetics, population genetics and forensic genetics, but only in the latter does sample
quality and quantity play such an important role. It is impossible to retrieve another
sample once an evidentiary DNA sample from an unknown perpetrator has been
consumed. For this reason, mtDNA analysis has been the DNA typing method of choice
for compromised samples that have been subjected to environmental elements and result
in degraded DNA or low starting template. More recent advances in DNA typing have
attempted to substitute mtDNA typing with autosomal miniSTRs (smaller amplicons for
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the standard autosomal STR loci using new primer sets capable of amplifying fragmented
pieces of nuclear DNA). So far, these attempts have been successful but are still faced
with biological (minus A, stutter) and technical artifacts (dye-pull up) common in the
forensic analysis of STRs. MiniSTR studies have not examined their efficacy when
applied to samples that are ancient or severely degraded and therefore provide no
evidence, as yet, that they are superior to mtDNA typing for degraded samples.
Recent advances in sequencing technologies and biochemistry have stretched the
limitations inherent in first generation sequencing platforms to revealing both the major
and minor components of a sample. One of the limitations of sequencing technologies,
even today, is their basis on PCR amplification. As PCR is a competitive process, only
the major component(s) of a sample would be detected. For example, if there were two
components in a sample, the standard fluorescence, capillary-based instruments were
limited to detection of about 20% of the signal. Forensic samples can be and are
commonly composed of a mixture of DNA from more than one individual, making the
interpretations of the DNA typing results more complex. In the case of mtDNA,
quantification of mixed samples is not feasible using the current sequencing methodology
as Sanger sequencing may detect mixtures of DNA but cannot determine relative
quantities of different mitochondrial types and in most cases result in ‘inconclusive’
interpretations. Resolution of mtDNA mixtures has been previously demonstrated using
alternative technologies such as denaturing high-performance liquid chromatography,
fluorescent-labeled restriction fragments, cloning and real-time PCR (Lutz, Weisser,
Heizmann, & Pollak, 2000; Naue, Sänger, Schmidt, Klein, & Lutz-Bonengel, 2011;
Walker et al., 2004). In more recent studies, pyrosequencing has been hailed as one of the
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most efficient platforms at revealing the complete composition of a sample and
accurately quantifying multiple sequences (Ahmadian, Ehn, & Hober, 2006; Kohlmann et
al., 2011; Mikkelsen et al., 2009). Pyrosequencing, based on the sequencing by synthesis
principle, differs from Sanger sequencing in that it relies on the detection of
pyrophosphate release when a nucleotide is incorporated rather than chain termination
with dideoxy nucleotides. The desired DNA sequence can be determined by light emitted
upon incorporation of the next complementary nucleotide as only one of four possible
nucleotides are added at a time. An increase in light intensity indicates that there is more
than one nucleotide incorporated in a given sequence. Identifying both major and minor
components in a sample, while helpful, may also be a hindrance, especially to the field of
forensic genetics because a plausible explanation must be provided for the source of all
detected components of a sample. These may be difficult to characterize, as illustrated in
a study on the mtgenome of the Tasmanian tiger or thylacine by Pask et al. 2010.
Analyzing tissues obtained from 100 year-old thylacine remains, Pask et al. discovered
highly divergent putative nuclear mitochondrial sequences that contained 100-fold more
polymorphisms than the putative conserved hypervariable region fragments (Menzies et
al., 2012). They surmised that these nuclear mtDNA translocations are prevalent across
multiple taxa from plants to animals and are becoming more readily identified through
genome sequencing projects. Though such samples are not typically thought of as
comparable to forensic samples, it is possible that genetic events such as the
translocations observed in the Thylacine tissues may present a problem with newer
sequencing platforms. Mitochondrial DNA fragments, referred to as nuclear DNA
sequences of mitochondrial origin (NUMTs) have been reported in the nuclear genome of
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humans and are reportedly a result of the fortuitous capture of mtDNA fragments during
double-strand break repair (Lenglez, Hermand, & Decottignies, 2010). In order to be
accepted by the forensic community, scientists must address the presence of NUMTs and
the confounding sequences resulting from long term evolution in the absence of DNA
constraints. To date, there is not a sufficient amount of research on the subject of nuclear
mitochondrial DNA translocations.
A technology in its infancy, pyrosequencing has generated major translational
potential for mtDNA analysis. Additionally, the newest sequencing technology by Ion
Torrent reports to lower sequencing of a full genome to under $500. With their speed and
accuracy reaching optimal levels, it is possible that one day haplotypes will be based on
whole genome variants rather than short segments of DNA. With such advances,
improvements to the size and diversity of databases will be effortless. Sequencing is a
rapidly evolving technology that will continue to be driven by biomedical demands.
These demands will unambiguously ultimately drive the world of forensics as well.
Investigative Leads
There are several cases to date in which mtDNA-based ethnicity inference has
resulted in identifying suspects and victims in cold cases (Melton, 2004; Mustafa,
Clayton, & Israel, 2009; Urie & Aguilar, 2009) . Companies such as DNAPrint Genomics
and AncestrybyDNA have marketed tests designed to provide percentages of a person’s
ethnicity using various mtDNA markers in addition to various ancestry informative
markers. Claims of accurately predicting ethnicity is no longer limited to the mtgenome.
An article by Rincon (2012) introduced the Hirisplex system that claims to assist in
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investigative leads by predicting hair and eye color from a nuclear DNA sample (Rincon,
2012).
The use of mtDNA to predict ethnicity for investigative leads does present
limitations. Many researchers have learned to classify humans in their own culturespecific manner. However, they should not assume that racial taxonomy is supported by
genetic data. In the case of mtDNA and the prediction of ethnicity, even the most obvious
inference is limited primarily to the statistical analyses, which in turn, are limited by the
size and diversity of the database from which the statistics are derived. Scientists in all
fields must realize that a considerable increase in sample diversity will serve to benefit
our understanding of the human genome and further support our appreciation of its
intricacies. Predictive phenotypic markers are superior to ethnicity classifications because
the former are directed to the individual rather than a subjective, loosely defined and
poorly characterized group. Ideally, methods of identification will focus on
individualization and not simply ‘group’ association.
Future of Forensic Typing
MtDNA analysis is a powerful tool in human population and evolutionary studies,
and more recently is becoming the gold standard in forensic identifications of missing
persons and for use in environmentally compromised samples with advances in
technology. However, even with technological advances, important challenges remain for
the use of genetic approaches in human forensic investigations (Kayser & De Knijff,
2011). Challenges of the use of genetic approaches in human forensic investigations
include technical problems of STR profiling, especially cases of severely degraded DNA,
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and identifying male DNA components in a male/female mixed sample. Another relevant
challenge to the forensic community is familial DNA typing, also referred to as
Comparative DNA profiling. The fact that any genetic marker used can only identify
persons who are already known to the investigative authorities (by way of having their
profile uploaded in CODIS) is a major limitation to its application. An increase in
scientific literacy and scientific research seems the most appropriate resolution but may
not be the most feasible option as crime labs are burdened with large case loads. During
2009, the Nation’s 411 publicly funded crime labs received approximately 4.1 million
requests for a wide range of forensic services. Nearly 40% of those requests were for
forensic biology analysis. The crime labs met this demand by outsourcing a large
percentage of their work to private labs or other public facilities (Burch, Durose, &
Walsh, 2012). It is conceivable that affiliations between crime laboratories and academic
institutions could provide both a platform for forensic policy reform as well as an
increase in forensic research. It is also important for forensic geneticists, statisticians and
evolutionists to work in concert to provide a better understanding of human inheritance
and the variability therein.
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Supplemental Materials (S1)
Abbreviations:
rCRS: revised Cambridge Reference Sequence (Anderson et al 1981)
mtDNA: mitochondrial DNA
mtgenome: mitochondrial genome
SNP: single nucleotide polymorphism
HV: hypervariable region
np: nucleotide position
bp: basepair
Indel: insertion/deletion
STR: short tandem repeat
RFLP: restriction fragment length polymorphism
AFLP: amplified fragment length polymorphism
RMP: random match probability
POD: power of discrimination
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S2

Definition of terms used in the thesis:

Single Nucleotide Polymorphism (SNP): single nucleotide difference observed in a
sample when compared to the revised Cambridge reference sequence (rCRS). The rCRS
is an mtDNA sequence from a European male.
Haplotype: a sequence type composed of a combination of mtDNA HV1 SNPs that are
inherited as a group.
Haplogroup: genetic signature that is comprised of a group of haplotypes that share a
common ancestor and is typically used to delineate major ancestral lineage.
Sub-haplogroups: are used to identify differences between major haplogroups.
“Disconcordant haplogroups”: are defined as haplogroup assignments that are not
concordant with ethnicity, (i.e. that provide ambiguous or atypical haplogroup
assignments). 	
  
“Ambiguous haplogroup assignment”: is demonstrated when the confidence score for
the major haplogroup is less than 90%. (E.g. Sample 1920 was assigned to haplogroup:
L1 with a confidence score of 37%. Sample 1920 is considered a challenging sample due
to ambiguous haplogroup assignment).	
  
“Atypical haplogroupsˆ: are defined as all haplogroups excluding the four (4) major
haplogroups typically referred to as “African Haplogroups”: L0, L1, L2, and L3. (E.g.
Sample 2013 was assigned to haplogroup R. Sample 2013 is considered a challenging
sample due to atypical haplogroup assignment).	
  
Synonymous mutation: also called a silent mutation, mutation that changes the DNA
sequence but does not result in a different gene product.
Nonsynonymous mutation: mutation that changes the DNA sequence, which result in a
change in the amino acid sequence and alters the gene product.
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Self-Identification Form (S3)
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